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1 Summary

Large spacecraft such as the space shuttle perturb the natural environment by releasing con-

taminants into the atmosphere through outgassing, chemical dumps and thruster firings. A fluid

model has been developed to describe the large scale structure of the contaminant plasma cloud.

The model is two dimensional with the structure along the magnetic field being averaged out. The

model predicts that an important parameter is the parallel length scale of the cloud since this

determines the effective length over which electrons can be drawn to short out the ions flowing

perpendicular to the magnetic field. In addition, a significant amount of work has been done on

the small scale kinetic processes that occur in the contaminant cloud and that cannot be explained

by the fluid model. These small scale processes include instabilities in the cloud, ion acceleration

by the cloud and anomalous ionization in the cloud.

2 Personnel Involved and Outline

This work has involved thesis research by four graduate students. Mr. N. Gatsonis produced the

two dimensional fluid model of the plasma cloud. His work resulted in two papers in the Journal of

Geophysical Research which are included as appendices to this report. In addition he received the

S. M. degree on this topic. Mr. T. Mogstad worked on a theory of low frequency instabilities for

the plasma cloud. He obtained the S. M. degree for his thesis which was entitled " Stability Thee,)

of Plasma Clouds about Large Space Vehicles ". Currently, Mr. R. Biasca is working on a dcdoral

dissertation on the possibilities of anomalous ionization in the contaminant plasma clourd and Mr.

D. Rivas is working on a doctoral dissertation exploring other kinetic effects in the contaminant

plasma cloud. These include a theory of ion acceleration and high frequency instabilities in the

cloud. The aim is to explain some of the experimental observations which rannot be explained

by a fluid theory. In addition, Mr. N. Gatsonis is working on a doctoral dissertation on a three

dimensional theory of the plasma cloud. Finally, Dr. Michael Gerver -pent some time working on
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this prgran and contributed to the work of Mr. David Rivas.

The outline of the report is as follows:

1) Kinetic plasma mechanisms in contaminant plasma clouds (D. Rivas and M. Gerver)

2) Anomalous ionization in contaminant plasma clouds (R. Biasca)

3) Low frequency instabilities in contaminant plasma clouds (T. Mogstad)

4) Three dimensional fluid theory of contaminant plasma clouds (N. Gatsonis)

5) Two dimensional fluid theory of contaminant plasma clouds (N. Gatsonis)

3 Kinetic Plasma Mechanisms in Contaminant Plasma Clouds

3.1 Introduction

In low earth orbit the space shuttle releases neutral water or ions through outgassing, water

dumps or thruster firings and thus perturbs the ambient ionosphere. Neutrals and ions undergo

chemical reactions and form a contaminant plasma cloud within the perturbed environment of the

shuttle. Various authors ( Hastings et al., 1989; Eccles et al., 1988) have studied the composition

and evolution of this cloud by using two-dimentional fluid models. These studies, however, did not

adequately model the small scale-length structure of the cloud. In this report we therefore extend

the theory of the shuttle's plasma cloud by studying some of the kinetic processes that have been

observed to occur in orbit.

We are mainly interested in explaining observations of high energy ambient O+ ions (Paterson

et al., 1989; Pickett et al., 1985; Shawhan et al.,1984) that were detected in the cloud by the

Plasma Diagnostic Pa'kage (PDP) flown aboard the third Space Shuttle flight (STS-3). In these

experiments O ions with energies up to 10's of eV were observed in the cloud and up to 100 eV

during primary and vernier thruster firings. Since these populations of ions have energies at least

one order of magnitude larger than the expected 5 eV ram kinetic energy, they could significately

affect the structure of the cloud. The mechanism that accelerates these ions is described in the

section that follows.
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3.2 Fermi-like Ion Acceleration Mechanism

The acceleration of charged particles to very high energies is also a problem of interest in the

study both of cosmic rays and hot plasmas. Fermi has proposed a method for accelerating particles

to cosmic ray energies. In the proposed mechanism, a charged particle is moving in a magnetic field

between two interstellar clouds. If the magnetic field in the clouds is assumed to be greater than in

the intervening region, the particle is trapped between two magnetic mirrors. Such trapping will

occur of course, only for particles whose velocity is inclined to the magnetic field at a sufficient

angle. The clouds comprising the two mirrors are assumed to be moving toward each other at some

relative velocity. A charged particle now gains energy on each reflection from the mirror. This

acceleration may be computed from the constancy of the longitudinal adiabatic invariant (second

adiabatic invariant).

n our work we explain the mechanism that accelerates the 0+ ions to high energies by extending

this Fermi acceleration concept to the case of the shuttle's plasma cloud. We show that the ambient

O ions can be accelerated by interacting with the irregular electrostatic potential structure of the

cloud. Some of the electrostatic potential irregularities of interest to us are those due to the partial

shielding of the motional electric field VXBl by the dense plasma cloud and those resulting from

the electrostatic noise, instabilities, electron density enhancements, and pressure increases observed

in such events as flash evaporator system releases and primary and vernier thruster firings (Pickett

et al., 1985; Shawhan et al., 1984).

The mechanism that fermi-accelerates the ambient ions can be described as follows. Due to the

orbital motion, from a frame of reference moving with the shuttle, the ambient O ions are seen

to flow with a 5 eV ram kinetic energy. Those ions in front of the cloud will go through the cloud

and interact with its irregular potential structure. In cloud regions with large potential gradients,

specifically with potential increases greater than 5 eV, the ions will not have enough kinetic energy

to overcome the potential 'barrier' and will therefore bounce off it. Now, if we examine this event

from a stationary frame (fixed to the ground), we will see that in this frame the ion energy increases

Figure 1 illustrates this situation, it can be seen that this situation is analogous to the case of a

ping-pong ball, which is initially at rest, being overun by a brick wall (or barrier) moving at the
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orbital speed. By linear momentum conservation it can be shown that after the first bounce the

ion will gain a velocity equal to two times the orbital velocity (V0). Moreover, further increases

in kinetic energy will be possible since after the first bounce the magnetic field will deflect the ion

trajectory and make it bounce off other potential barriers. As illustrated in Fig. 1, in each bounce

the ion velocity will be incremented by as much as 2V, until the ion kinetic energy will be larger

than the potential barrier.

3.3 Kinetic Theory

A rigorous theoretical analysis of the processes described in the previous section would require

the derivation of a kinetic model of the ambient 0 + ions interacting with the plasma cloud. One of

our major tasks would then be to determine how the electrostatic potential structure of the cloud

(which to zeroth order is already known from fluid models (Hastings et al., 1989)) is affected by

the accelerated ion population. Specifically, we would be interested in determining whether the

electrostatic potential gradients due to the shielding of the motional electric field are indeed the

driving forces that accelerate the ambient 0+ ions. If so, we would then calculate the resulting

self-consistent structure of the electrostatic potential with high energy ion populations taken into

account.

The derivation of a 'closed form' kinetic model of the cloud, however, is a rather difficult if

not impossible task. A reasonable kinetic model of the self-consistent shielded potential structure

of the cloud would require consideration of collisions and charge exchange reactions between the

various species (four neutral and three ion species) and this would complicate the mathematics

enormously. It is therefore useful to borrow some of the tricks and short cuts that are often used

in solving other problems similar to ours. In the next section we shall review some of the standard

techniques that are used in the derivation of kinetic models for strong field gradient problems

where the gradients are in the magnetic field and collisions can be neglected. Then we shall apply

some of these techniques to our problem and we will derive an approximate constant of motion for

particle motion in strong electrostatic potential gradient regions which will be useful to analyze the

processes that occur there.
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3.4 Kinetic Solution to Strong Field Gradient Problems.

There is a great deal of interest at present in acceleration processes in large gradients in the

magnetic field which usually occur in critical regions such as in shock structures, in the magne-

topause or in other sheet regions such as in the magnetotail. These regions are important because

they are often bounderies separating different plasmas, and also because they are frequently the

locaticn of particle acceleration.

The standard technique used in solving these strong B-field gradient problems self-consistently

is the integration of the Vlasov equation in terms of the single particle constants of the motion. In

these problems we therefore seek solutions of the Vlasov equations for ions and electrons, which are

expressible in terms of the available constants of motion, and are suitable to represent the particle

distributions in the strong field gradient configuration. It should be pointed out that this is not

the same as providing general integrals to the Vlasov equation. For instance, in the case of the

two-dimenitonal Vlasov equation, the general integral of this equation in five independent variables

(two spatial and three velocity components) is expected to contain an arbitrary function of four

independent arguments, not of two only (which is the number of available constants of motion).

Therefore, these standard techniques are restricted to the study of a subclass of possible solutions,

in the hope, of course, that it is relevant to the actual problem.

In the case of the magnetotail, many authors (Grad, 1961; Harris, 1962; BirK. and Beard, 1972)

showed how solutions could be obtained by using the Poisson and Ampere equations after expressing

the plasma distribution functions in terms of the constants of the motion. In the adiabatic lirri t

the constants of motion in the magnetotail are the particles total energy and canonical momentum

component perpendicular to the field gradient. In two-dimensional field gradients, however, the

canonical momentum is no longer constant. Nevertheless, Propp and Beard (1984) and Beard and

Cowley (1985) used the same techniques to calculate ion orbits in a two-dimentional model of the

tail. In the latter two papers the authors found that adiabatic theory predictions were generally

valid in spite of 'violation of the adiabatic limit'. On the other hand, Roggers and Whipple (19 s)

were able to derive a more accurate model of the two-dimentional structure of the magnetotail

current sheet by deriving a new constant of the motion, the generalized first adiabatic invariant,
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which is an extension of the magnetic moment for regions of large magnetic field gradients.

Finally, going back to our problem, we should recall that in the analysis of the acceleration of 0'

ions in the shuttle's cloud we are interested in strong gradients in the electrostatic potential (wilh

the magnetic field constant everywhere). Since any constant of the motion that can be found for tdic

particle motion in such regions would be very useful in analyzing the physical processes that occur

there, we shall derive a generalized first adiabatic invariant for the case of the cloud by using tilt

same method that Roggers and Whipple (1988) have used in their analysis of the geomagnetic tail.

The procedure for obtaining generalized adiabatic invariants was invented by M. Kruskal (1962)

and we shall therefore denote it as the Kruskal method. Latter on, we shall integrate numerically

for the O ion orbits and for the electrons we shall use the generalized adiabatic invariant along

with energy conservation to predict and model the electron behaviour.

3.5 The Generalized Adiabatic Invariant for Electrons in Regions of Strong

Field Gradients.

3.5.1 The Kruskal Method

Before describing the Kruskal method let us first of all recall from classical mechanics that

whenever a system has a periodic motion the action integral fpdq (taken over a period) is a

constant, where p is the generalized momentum and q is the generalized coordinate. If a slow

change is made in the system so that the motion is not quite periodic, the constant in the motion

does not change and is then called the adiabatic invariant.

The Kruskal method (M. Kruskal, 1962) is a systematic method for finding asymptotic solutions

of (and) any adiabatic invariant associated with coupled differential equations having the form

dX

dt

where X is a N-dimentional vector and c is a small parameter. Furthermore, x f(X,0) has
o (ed s tf en p

closed (periodic) solutions that are closed in X-space.

The difficulty in treating eq.(1) is that f is in general both large and (through its dependence

on X) rapidly varying in time.
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The Kruskal method is a transformation procedure for splitting off the rapid time variation of

X into a single angle variable O(X) leaving an (N-1)-dimentional vector Z(X) which varies slowly

By construction, Z and 46 have equations of the form

dZ
d-I h(Z,e)

dt

The important feature of the transformation is that 0 does not appear in h or U), so that Z varies

smoothly with time (with a time derivative of the order of the small parameter E) rather than

showing oscillations at the frequency of the p variable.

Equations (2) are the new equations of motion, equivalent to Eq.(1), and thus the solutions of

Eqs.(2) when converted back to X-space are solutions of Eq.(1). There exist closed curves ('rings')

in X-space on which Z is constant. The 0 variable is periodic about the ring and specifies position

on it (phase angle). The real trajectory differs slightly from a ring and it is not closed in X-space.

If equations (1) are canonical equations, derived from a hamiltonean, then there exists an adiabatic

invariant in addition to the asymptotic solutions (in e) of the set (1). The invariant is an integral

over a ring, not over any segment of an actuai particle trajectory:

J = i, p(Z, Vd¢)(3)

p being the canonical momentum and q the generalized coordinate. For an adiabatic invariant to

exist, it is not necessary that eq.(1) itself be of canonical form only that it be possible to convert

it to that form.

The transformation X to (Z, 0) is actually made by way of intermediate variables (Y, P), where

Y is constant on the closed unperturbed (i.e. for c = 0) curve ('loop') and v is some phase angle

about the loop. The distinction among actual trajectories, loops, and rings can be further classified

as follows: an actual trajectory (i.e. for E t 0) is generally not even a closed path in the N-

dimentional space of X. In the special case (unperturbed case) where C = 0, the trajectory in X is

required to be closed in order to apply the Kruskal theory. Only in this case a loop coinsides with

a ring.
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3.5.2 Derivation of the Generalized Adiabatic Iuvariant for the Electront.

Let us now use the Kruskal method to derive a generalized adiabatic invariant for region~s wth

strong electrostatic potential gradients. We define our coordinate system to be moving with thc

shuttle, with the x-axis pointing towards the wake, the y-axis pointing towards the motional electric

field direction VXj and the z-axis pointing ,wards the B-field dire' tion.

In order to appl, generalized adiabatic t! eozry, the motion.l electric field V):-XL nust be ; ...ued

to be small and will be denoted by e. Since the dimentionless quantity whicf .ust b. smali is ti.

ratio (E/B) drift speed (which in our case is uqual to the orbital velocity, ..e. " Km/sec) to the

particle thermal velocity (vthe = 132. Km/sec, ' h, = 0.8 Km/sec ), this derivation will 1-e vaid

only for the electrons.

We define 4(x) as the electrrcstatic potential ,nd assuire that. it only changes stror.gly wih z.

This potential does nt include the potentrt &'3wib-t'on due to the motional electric field VXB

). The equations of racotion then are

d z

dv. e C
=_ -e v1 B - - V D(Z )  (4)

dt rn m
dVV  e,
t =m

where the charge e equals to -e for the electrons. These equations are of the form of eq.(1) with

X = (z, v., v.). When e = 0, the particle does not drift gradually accross the shock in D(z), and

all the three components of X are periodic as required.

The next step in the Kruskal procedur, is to use the constants of the zeroth-order equations

(i.e. eqs(l) with e = 0) as starting points for ccastructing the 'Z-variables' that are useful when

e is finite. In our case, these constants are the generalized transverse energy W and the canonical

y-momentum p

W = K + 2eP/m

P = Py = -'Y- eAt,

where K = t' 2-v2 and AY = xB. The quantities W and p are called 'Y-variables' in Kruskal's

terminology; it can be shown that these %ariabl-. 1,ave time derivatives of order c. The phase angle
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v may be defined by
- tM _±m(K + ± -- - (p -- eBx ) 2

1

S (p - eBz)

The Y'-variables can be improved by the Kruskal procedure to obtain 'nice Z-variables', which have

the property that they do not oscillate at the gyrofrequency as do the Y-variables. We denote these

improved quantities by (W, ) and by following the Kruskal procedure find them to be

W W + c f [< >t ' V IdiJ0 B

p = mvY + eAY

where < v. >g is the gyro averaged y-component of velocity, and v is an appropiatly detined

phase angle for the gyromotion. The advantage of the Z-variables is that they are strictly drift

parameters, varying slowly and smoothly as the particles drift in the z-direction. It can be shown

that the time-derivatives of the Z-variables are non-oscillatory and of order E. Moreover, to zeroth

order in c the phase angle 0 is equal to v.

The particle's motion accross the layer can be described in terms of the drift parameters and the

generalized invariant. The generalized invariant is constant throughout a particle's orbit through

first order in c even in the region with the strong gradient in the electrostatic potential. In our

case the action integral eq.(3) in terms of the Z-variables reduces to

J = f p, dx
J rng

In order to estimate this constant of the motion for a very strong potential gradient, which we

shall model as a step function in the potential, we first define Q = 2eLc)/mW where .i4' is the

potential jump. We must distinguish particles that reflect from the discontinuity from those that

cross. Reflection occurs when sin2 v0 < Q for eAL > 0 (a repulsive potential jump). Here, L is the

phasie angle tan- 1 (-v,/vy) as mentioned above, and v0 is the value of v as the particle is incident on

the discontinuity from the upstream side. The angle v jumps discontinously for both reflected and

transmitted particles because v, changes discontinously as a consequence of the infinite acceleration

at the potential jump. The invariant is given by

m2 sJ- B v- sin i.c.ws rL'



for reflected particles, and
m2 WI (vo - sin v cos vo)

e B

(1 - Q){ r - cos-(p/m(K(1 - Q))1/111
B

cos vO(sin
2 Vo - Q)1/2

B

for transmitted particles. The reflected particles will continue to 'bounce' against the discontinuity,

drifting tangentially, and gradually gain energy until they are able to overcome the potential barrier

and propagate across it.

3.6 Acceleration of Ambient Ions by the Cloud Shielding of the Motional

Electric Field

In the reference frame moving with the shuttle and in the absence of any electric field pertur-

bation an observer will see the unshielded motional electric field E, = V x B. However, within

a plasma cloud density perturbation the electric field and consequently the drift velocity will be

determined by the balance between Pederson and Hall currents, diamagnetic currents, "pickup"

currents as well as parallel currents carried by the Alfven wings. The self consistent interaction of

these currents will create a polarization field which will shield the imposed motional electric field.

Consequently, the electric field within the plasma cloud will be I E I<I E, I and the ions will drift

backward (in the shuttle frame) with a speed which is less than the orbital. In the case that the

motional electric field is entirely shielded, the plasma cloud will be stationary or it will be moving

with the shuttle velocity in a fixed frame.

Caledonia et al. (1987) showed that experimental measurements of the contaminant plasma

cloud were consistent with an ion residence time in the vicinity of the shuttle of 40 ms. Theoretical

work on the plasma cloud about the space shuttle started with the suggestion that the plasma cloud

could be highly polarized leading to a long residence time for the ions in the shuttle frame (Katz

et al., 1984). A model for the unsteady motion of the plasma cloud was developed by Hastings

et al. (1988), where it was shown that for the densities around the shuttle the polarization of the

cloud was highly dependent upon the ion density. Recently, Hastings et al.(1989) have extended
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this model (1988) to include the coupling of the cloud to Alfven waves which can carry current

parallel to the magnetic field. Another study of the plasma cloud which takes into account the

effect of Hall and Pederson currents was undertaken by Eccles et al. (1988). The Hall currents are

shown to rotate the polarizatior; ( hat it is not antiparallel with the motional electric field.

In the following secti-,ns we wii. .ine whether a cloud that shields the motional electric

field could have a self consistent potential structure that could fermi accelerate the ambient O ions

to the energies observed in the experiments. We will also make an effort to estimate the electrostatic

effects of the accelerated particles; therefore, we will try to determine a cloud potential configuration

which will be self consistent with all the cloud and ambient species including the accelerated ions.

Our approach to the problem will be to use Hastings et. al. (1989) 2-D fluid model to model

the cloud and neutral ambient species and to treat the ambient O " ions by using kinetic theory

techniques. This will therefore allows us to take Fermi acceleration effects into account. In the

following section we start by analysing the parts of the 2-D fluid model relevant to our problem.

3.6.1 Two-dimensional Fluid Model of the Cloud

Hastings and Gatsonis (1989) developed a two-dimensional fluid model for the motion of the

contaminant cloud perpendicular to the magnetic field lines. They assumed that the contaminant

cloud consisted of ions such as 0+, H 20+, H30 + and neutrals such as 0, H, OH and H2 0.

Their numerical solution examined the effects of Alfven wave coupling, neutral water density, ionr

temperature and initial conditions in the cloud motion. Their results show that in low density

neutral water clouds (< 109 cm - 3) the shielding of the electric field was small. On the other hand,

in neutral water clouds with densities of interest for shuttle conditions (,-- 1010 cm - 3) the shielding

was predicted to be of the order of the motional electric field and the ratios of the line averaged

densities of the ions was consistent with experimental data.

Hastings et al. (1989) have solved the fluid equations for a 5 Km by 5 Km square region using a

uniform 101 by 101 cartesian mesh. It is useful to review the algorithm that they have used, latter

on we shall modify it to include kinetic effects. This algorithm is as follows:

1) With the density profiles nH,2O+(X,y), nH,,o+(x,y) and no,(x, y) given at some time, inte-
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grate the current balance equation

VJ =o (5)

to determine the potential O(x, y).

2)Use the obtained potential ¢(z, y) in the momentum equations to determine the ion velocities.

3)Use the obtained ion velocities in the continuity equations to advance the densities by oe

time step. Then, go back to (1).

It is also useful to examine the current balance equation of Hastings et al. (1989). This will

enable us to rigorously determine the physical parameters that contribute to the shielding of the

motional electric field. Due to the small collisionality assumption in the model (v/2l << 1, which

restricts the model to water densities below l011 cin-3), the electron current canceled out with

the zeroth order ion current (Hall current) and thus the current balance was made between the

first order perpendicular ion current and the parallel current carried by Alfven wings. The current

balance equation, which in Hastings model is solved for 0, can be put to the familiar form:

V .(EV) = Pt (6)

where c and peZI are independent of 0. This two dimensional equation has already been integrated

along the Alfven characteristics; Pext contains terms due to the diamagnetic ion currents and to

currents that arise from the friction forces between ion and neutral species. The parameter c which

can be thought of as a dielectric constant has the form

E-1+ -VV i  (7)
V2a

where v, is the Alfven velocity and Ci is the effective ion-neutral plus reactive collision frequency.

The first term in this equation represents the current carried by Alfven waves and the second the

pederson current.

TFhe parallel interaction length to perform the parallel integration over can be estimated as

L11 - 2 rcloud (8)
V-

where rcooua is the radius of the cloud in the perpendicular direction and vj is the average perpen-

dicular drift velocity of the cloud. This expression is the distance an Alfven wave can travel in the
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time the cloud takes to convect across the magnetic field line. If we use eq.(8) in eq.(7) we obtain

the dielectric constant as

C ! 1 - 2rclou - (9)
V-

For plasmas with low neutral density the collision frequency is small and the drift velocity is of the

order of the orbital speed. In this case, c = 1 and the electric field in the plasma is the motional

electric field since the plasma does not shield out the field. Physically, the parallel current carried

by Alfven waves is so large that no significant field can built up in the plasma cloud to shield out

the imposed motional electric field. For a plasma where neutral water density is high, the collision

frequency is large and the drift velocity is small. We find that c K< 1 and so the electric field is

highly shielded. In this case the perpendicular ion current is sufficiently large to give rise to a

substantial change in the motional electric field.

3.6.2 Fluid Model Results Suggesting the Need of a Kinetic Model

The electrostatic potential configuration obtained by Hastings et al.(1989) 2-D fluid model for

a cloud with an initial water density of 10 1 cm- 3 which decreases radially away from the shuttle as

(50 m./r)2 is shown in Figure 2. In the model the inertia terms in the ion momentum equations were

neglected and therefore to zeroth order in (v/lQ) the "fluid" ions drifted along the equipotential

lines at the f x B drift velocity. A closer inspection of Figure 2b, however, suggests that it is

possible that the O ions could not really drifted along the equipotential lines. This is because,

from basic guiding center theory, we know that the only time that the ion larmor motion can be

ignored and the guiding center drift be described in terms of the local E x 1B 2 velocity (guiding

centers moving along the equipotential lines) is when the electric field gradients are small in a

larmor radius distance. In the case of the cloud, however, the ion larmor radius at the orbital speed

(Vo/10o+) is about 40 meters and in this distance, referring to Hastings results (Fig. 2b), we see

sizable gradients in the electric field. Therefore, it is questionable whether in Hastings model it

was right to assume that the ion trajectories would follow the equipotential lines.

Referring to Fig. 2b, we can see that if the ambient 0+ ions in front of the shuttle structure

were not to follow the equipotential lines but instead they were to follow straight trajectories, by
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the time they would have completed one gyroperiod (0.035 sec. in low earth orbit) they would have

drifted 250 meters at the orbital velocity and seen potential increases of as much as 35 eV. Although

this situation is impossible, since the 0+ ions have kinetic energies of only 5 eV and therefore do

not have enough energy to follow straight trajectories, this fictitious experiment suggests that I,"

the real ion trajectories would lie somewhere beiween straight lines and the equipotential lines we

would expect some kind of bouncing off potential "barrier" or Fermi acceleration to occur.

AU this suggests the need of the derivation of a kinetic model of the the cloud where ion larmor

motion effects and thus the possibility of fermi acceleration would be taken into account. If fermi

acceleration were to occur or the ion trajectories be different from those of the 2-D fluid model

this analysis would help us to determine a more accurate self-consistent potential configuration

(self-consistent with the cloud and ambient species including the accelerated ions).

3.6.3 Kinetic Treatment of the Cloud

In this section we describe an analysis of the cloud which extends the 2-D fluid model to include

the kinetic effects of the ambient ions. As we discussed in the last section, it is very difficult to

attempt to derive a 2-D kinetic model of the cloud that would include the shielding of the motional

electric field. Since the domina.nt mechanism for shielding are the ion-neutral collisions (see sec

5.1), a kinetic model that would be useful to investigate fermi acceleration due to this shielding

would have to include collisions and this would complicate the mathematics enormously. In our

discussion of the previous section, however, we argued the possibility of O ion fermi acceleration

in a shielded cloud and that a kinetic treatment of the cloud was necessary in order to obtain

accurate self consistent models of the potential structure.

We have therefore found it convenient to use the 2-D fluid model of Hastings et al. (1989), which

accurately models ion-neutral and reactive collisions and Alfven currents (crucial for modeling the

shielding), to model the cloud ions and neutrals and ambient neutrals but to treat the ambient

O ions in a different manner. The ions are treated as individual particles and their behaviour is

obtained by numerically integrating their equation of motion. Therefore, ion inertia and larmor

motion effects are now taken into account. These kinetic ambient ions are then merged into the
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fluid cloud model as follows: First, the 0' equation of motion is numerically integrated for various

particles and the divergence of the 0' current (VJo+) is calculated by using PIC-code particle

weighting techniques. Then, the fluid value of VfJo in Hastings current balance equation (eq-

5) is replaced by our kinetic value of VJo+. Finally, the potential is obtained by integrating the

resulting current balance equation which now includes fermi acceleration effects and the calculations

are advanced in time by using the algorithm described in section 3.5.1.

In section 3.5.5 we will show that this kinetic analysis should lead to the same results as

those of the fluid analysis (Hastings et al. 1989). We will show that in shuttle cloud models ion

larmor motion effects can be ignored, fermi acceleration cannot occur and thus fluid models give an

accurate description of the shielding of the motional electric field by the cloud. In the next section

we determine the conditions necessary for shielding the motional electric field. We will find this

analysis to be useful in understanding the physics of various plasma clouds which we will test in

section 3.5.5 for fermi acceleration.

3.6.4 Cloud Effective Radius and Densities for Shielding the Motional Electric Field

In order to determine the values of the cloud parameters (ion and neutral densities, effective

cloud rrAius, etc.) that are needed for the cloud to shield the motional electric field, we consider a

simple cloud model. We assume the cloud to be spherical in shape and with a finite effective radius

denoted by Re. Moreover, inside the cloud we assume the ion (n-i) and neutral (niH 2O) densities to

be uniform. Therefore, for this cloud to shield the motional electric field the following conditions

must be satisfied:

1) the sheath impedance has to be greater than the Alfven impedance

2) the sheath impedance has to be greater than the resistance across the cloud

Here we are referring to the sheath along the magnetic field.

If (1) is violated, the parallel current carried by Alfven waves will be so large that no significant

field can build up in the cloud to shield the motional electric field. In this case the current flowing

through the cloud will be limited by the Alfven impedance rather than by the saturation current

of the ambient plasma, Alfven wings will become charged up to the same potential as the cloud
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The ions will therefore flow along the equipotential lines.

If (2) is violated, then cloud will be unable to short out the motional electric field in the ambient

plasma and thus the cloud ions and electrons will drift downstream of the structure with velocities

near the orbital.

Now, the Alfven impedance is (in cgs units)

VA = c-'(Wc,,/w,,,)ar,.,e (10)

C2

and the sheath impedance is the potential across the cloud

V0 B0 Rc

divided by either the saturation current from the ambient plasma to the cloud, or the saturation

current from the cloud to the ambient plasma, whichever is less. The reason being that the cloud

will always develop a potential to keep the net current into the cloud equal to zero. The saturation

current into the cloud is

e(rlivs)ambsenti -t- e(neve)cL0 ud e(raeve)caaud

and the saturation current out of the cloud is

e(njv,) 0,oud + e(neve)amb,en,

The latter is clearly less than e(neve)cloud, since, as we shall see, nec > nea, while Tec is not that

much less than Tea and thus va - vec. Therefore, the sheath impedance is

V0 Bo Rc ,,-

c(2roR2) e(n,v,)cloud -4- e(rneve)arnb,entj -

_ VoB (11)

cRce(n,,vjc t- neavea)

Now, since the largest current across the cloud is the Pederson current, the resistance across the

cloud is

2 m
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where vi,, is the ion (0+) neutral (H 20) collision frequency. In our case,
yin, T nHt2Oe7H2 OVo+ where eYt 2o - 10-1 5 cn 2 and vo+ can be taken as the orbital velocity,

thus vi,, - 5 x 10-1nnu 2 osec- 1 (nH2o can range anywhere between 108 - 1014cm- 3).

The first criterion is then

Wi <Vo Bo
cwpa, ),, t  cRce(ncv,, + lea vea)

Using c = 3 x 10l1 cm/sec, wc, = eBo/mic = 2 x 102 /sec for O', Bo = 0.3 Gauss,

(Wp)aambien: = (47re2ra/mi)1/2 , n_ - 5 x 105 cm- (dayside), v,. - 10' cm/sec

(for T,= 0.1 eV), Vo = 8 x 105 cm/sec, e = 5 x 10-10 statcoul,

and v,c = 5 x 104 cm/sec for H 3 01 at 5000 K, this becomes

Re < cm. (14)
ni, + 108

The second criterion is
Vo Bo W (i (15)

cRee(nijv,, + nava > W 2 ,eL ,n Wei

Using w2 e = 4rnie 2 /m, = 10n,, it can be shown that this inequality can be satisfied only for

nH 2 o > 10 10 cm- 3 (i. > 0.5sec-'), for ni 2 O -- 10 1crn - 3 this becomes

0.32 0.08

ni -+- 2 x 107 nic

or

n,, > 5 x 106cm - 3  (16)

Finally, by combining eqs.(14) and (16) we can see that the two criteria for shielding will be satisfied

for n1jO > 1010 cm - 3 ,n" e > 5 X 10 6 cm- 3 , and Re < 1 Km.

Before comparing these results with those from 2-D fluid modtls, let us note that if the cloud is

elongated by a factor A the conductivity across the cloud would also increase by this factor, then

from eq.(12) n,, times nit1o can be reduced by A, and the cloud would still be able to short out the

electric field, up to a factor A = VA/VO which is a few hundred in low earth orbit. What is really

relevant is the scale length, along the magnetic field, of nH2o times n,,, not just of ri,, However.

since the neutral density is spreading out in all directions it is questionable wether the elongatin
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would be a few hundred. Hastings et al. (1989) have found substantial shorting out of the electric

field for slightly lower densities since they assumed that A is greater than VA/Vo.

It should be mentioned that Te, will be close to Ti,, since the electron cooling time by coulonb

collisions with ions, - ('eme/mi) - 1 - 6 x 10- 2 sec, is shorter than the escape time of the electrons

from the cloud, which is c_ 10-i sec; or at least they are comparable. This confirms that

aecv,, < n,,v, so the cloud will develop a positive potential to hold electrons in.

3.6.5 Ion Larmor Motion Effects in Clouds that Shield the Motional Electric Field

In this section we determine the larmor motion effects on ambient O ion which go through

various types of clouds that shield the motional electric field. We do this by comparing the fluid

model ion trajectories and velocities with those of a kinetic model. In the analysis of various types

of clouds we consider the trajectory that is most likely to be affected by larmor motion effects, as

we shall see, this trajectory will usually be that for ions which are initially travcling towards the

center of the cloud.

Figs. 2 a an b show, respectively, the potential configuration and equipotential contours of a

cloud after 0.2 sec of being released with an initial central neutral water density of 101°cM- 3 which

decreases radially as (50 m/r)2 (Hastings et al. 1989). Now, the dominant ion species in the cloud is

the ambient O ion, with a density of no+ - 2 x 10 5 cm - 3 which is almost uniform throughout the

cloud. Therefore, since the other cloud ion species (H 20+ and H 3 0 + ) are the products of reactive

collisions between 0' and H 20, they will also have densities more or less uniform throughout

the cloud. The ion densities niH2 O+ :, 10 5 cm - 3 and nH 3 o n_ 10 4 cm- 3 decrease more slowly

than (50 m./r) 2 , the water density; in fact, at r=500 m they are down by only one order of

magnitude. Consequently, because the total cloud ion density (which is dominated by the ambient

ions) decreases radially very slowly, we can see that the resultant potential configuration (Fig. 2a)

is smooth and thus the gradients in the potential are small (Fig. 2b) even though the motional

electric field is entirely shielded at the structure.

Fig. 2c shows a guiding center or fluid model trajectory (an equipotential line) of an ion which is

initially in front of the shuttle. Fig. 2d shows the trajectory of tht. same ion obtained by numerically
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integrating the equation of motion

mo+ - = + V x B) (17)

Therefore, the trajectory in Fig. 2d includes ion larmor motion, the ion temperature is assumed to

be 0.1 eV. Figs. 2e and 2f show the corresponding velocities. It is interesting to note that the fluid

(fig. 2c) and kinetic (fig.2d) trajectories coincide (or almost coincide since Vo >> vth) and that the

ion velocity (or 'kinetic velocity') (fig. 2f) has an average velocity equal to the fluid E × B/B 2 drift

(fig. 2e). We can therefore see that the fluid approximation is accurate for modeling this cloud

since the potential gradients are smooth enough so that ion larmor motion can be disregarded.

Obviously, no fermi acceleration occurs in this case.

In Fig.3 we examine the case of a cloud with larger potential gradients due to the shielding of

the background electric field. We consider a very small cloud with a central neutral density same as

that of the cloud in fig. 2, 101°cm - 3, but which decreases much faster, as (10 m./r)2 . Figs. 3c and

d show, respectively, the fluid and kinetic trajectories and figs. 3e and f show the corresponding

fluid and kinetic velocities of an ambient ion which is initially in front of the structure. Although

the motional electric field at the structure is almost entirely shielded and the gradients in the

potential due to the shielding (potential increases as large as 20 eV in a larmor radius distance,

40 m. at the orbital velocity) are in this case five times larger than those in fig. 2, we can see

that the ion trajectory (fig. 2d) adjusts itself to follow the equipotential line (fig. 2c). Therefore,

the fluid model is also accurate for describing this cloud: the kinetic trajectory (Fig.3d) coincides

with the equipotential line (fig.3c) and the kinetic velocity (fig. 3f) has an average velocity equal

to the local E x B/B 2 drift velocity (fig. 3e). Nevertheless, a small larmor radius effect can be

noticed in fig. 3f, in the wake of the cloud the ion larmor speed is two times greater than upstream

of the cloud and thus the ion temperature is four times greater. This, however, is not expected to

change the potential configuration significantly since the fluid quantities (figs. 3 c and e) are still

equal to the average of the kinetic quantities (figs. 3 d and f) and ion neutral collisions will tend to

keep the ion temperature down (although they will be unable to keep it equal to the background

neutral temperature since the cooling time v,,2 > 2R,/Vo, the time for ions to travel 2R,). It is also

interesting to note that in the cloud the total (drift -ilarmor) ion velocity goes up to 15 Krn sec
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with corresponding energies of 15 eV. This could therefore explain some of the peaks in the 0' ion

energy distribution near this value observed by Paterson et al. (1989).

Figs. 4 a and b show, respectively, the potential configuration and equipotential contours of

a non self consistent or artificial potential of a cloud with an outer region where the potential .S

smooth and an inner region which exhibits large potential gradients. In this artificial case the

cloud not only shields the motional electric field but, from the reference frame of the earth, the

cloud is seen to develop an E-field that is even greater in magnitude than the motional electric

field. Numerical studies of the cloud show that this type of potential configuration (although not

as exaggerated as in fig. 4) can occur in some particular cases where Alfven currents are taken into

account (Gatsonis, 1989).

Figs. 4 c and d show, respectively, the fluid and kinetic trajectories and figs. 4 e and f show

the corresponding fluid and kinetic velocities of the ion which is likely to experience the largest

ion larmor motion effects. It is interesting to note that if the outer region of the cloud (especially

upstream of the cloud) has a smooth potential structure, then the majority of the upstream ion,

even those initially in front of the structure, will drift at the local E x JIB2 velocity along the

smooth equipotential lines that surround the inner region. Therefore, only very few ions will enter

into the inner cloud region and be fermi accelerated by the sharp potential gradients there.

The above analysis of the three different clouds (figs. 2, 3, and 4) shows that in water clouds

with central neutral densities less than 1O12 cm- 3 the dominant ion species will be the ambient

O ion with a fairly uniform density distribution. Furthermore, since the other ion species in

the cloud are the products of reactive collisions between the O + ions and water neutrals, the

overall cloud ion density will decrease slowly in the radial direction (more slowly than the neutral

density). Therefore, although near the shuttle the motional electric field will be shielded, the

resulting potential structure will always be smooth with weak potential gradients in the outer

region of the cloud. Consequently, the ions will just drift according to the local f x I/B 2 velocity

and no fermi acceleration will be possible from the shielding of the clouds with nnH0 : 1012 cm-3

It might be possible, however, that in a small dense cloud, with a central water density of

10 1 crn - 3 which decreases radially as (10 m /r) 2 , the H20 + and H30 + ions (products of reactive
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collisions between 0+ and H2 0) could outnumber the 0' ions in the cloud and decrease radially

in density almost as fast as the neutral water density. This in turn could lead to large potential

gradients in the outer region of the cloud that could Fermi accelerate the ambient ions. We could

not consider this case because Hastings et al. (1989) fluid model is restricted to (nHKo)centr < 1012

cm
- 3

3.7 Acceleration of Ambient 0' Ions by the Plume of Primary and Vernier

thrusters.

Since most of the very high energy ions (_- 100 eV) observations (Pickett et al. 1985) were during

primary and vernier thruster firings, in this section we examine the possibility of fermi acceleration

of the ambient ions in the plume of a primary thruster. The space shuttle fires the primary thrusters

in pulses of 80 ms. These thrusters have the following characteristics: thrust=3925 N, Iz=-2 8 1 sec,

c= 2 7 53 m/sec, P=1 Mpa, Nozzle diameter= 60 cm, mass flow=: 800 g/sec of LO, - 150 gisec

of LH 2 . Now, since the plume exhaust neutral density is about 10, 7 cm- 3 , therefore much higher

than the cloud neutral density, large number of exhaust neutrals could be ionized due to reactive

collisions with ambient ions. Then, it might be possible that the resulting high plasma density

(! 10 9cm - 3 ) could shield the motional electric field inside the plume. If the plume axis would be

directed perpendicular to both the B-field and the direction of orbital motion, sharp gradients in

the electrostatic potential of the cloud could exist in the plume region. These gradients could then

fermi accelerate the ambient ions even for low water cloud densities. Next, we determine whether

this situation could happen.

3.7.1 Analysis of the Shielding of the Motional Electric Field in the Plume of the

Primary Thruster

In this section we make a basic calculation of the shielding of the motional electric field E in

the primary thruster plume to determine whether the density in the exhaust is high enough to short

out the background electric field significantly. Assuming that the axis of the plume is perpendicular

to both the magnetic field and the direction of orbital motion and neglecting the exhaust '.elocitv
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(since c !- Voi4), the perpendicular current density is

j W 2- p...._ ... __p

where o s 10- a sec is the time an ion takes to go out of the plume, and the ion density if,

the plume is n, v ; 2.5 x 109 crn - 3 . This density is based on the ionization rate from collisions of

ambient oxygen atoms with plume neutrals, and ro,8 . The electron contribution to J iriis(,:

to be much less than the ion contribution, which is

j. _ eE1
=CJ2 rlossE 1 = ripe( rio,.) (19)PS Mi

Note that the expression in parentheses is just the velocity that the ion gets accelerated to in a

time rt0o. We use this expression for J 1 , rather than J E± (the pederson current), because

rToSS-I), ' 1. We then find that J_ = 4 x 10- 5 A/cm 2. By contrast, J11 due to electrons streaming

out of the plume (in the absence of an ambipolar potential) would be nev, ;z 10-2 A/cm2 , which

is much greater. It follows that V • J = 0 can be satisfied only by having J11 - 0 everywhere, i.e.

the potential of the plume on each field line must adjust itself so that electron losses on that field

line are balanced by incoming ambient electrons and ion losses. This is in contrast to the case of

a big dense plasma cloud, where V J= 0 is satisfied by having J11 : J,' and E, is shorted out.

If we assume the plume electrons to be Maxwellian, the plume potential will then have to be a

few T, above the ambient potential everywhere. This is to keep the electrons from flowing out of

the plume and thus J11 - 0 as is required. T, will be some fraction of 5 eV, since the electrons

are produced by ionization of exhaust atoms and incoming ambient oxygen atoms which collide

with an energy of about 5 eV. Therefore, the plume potential will be on the order of 5 V. Whether

or not incoming ambient O ions can reflect from the plume potential depends on whether it is

greater than or less than 5 V. To answer this depends on a more detailed calculation, but at least

it is plausible that fermi acceleration (only one bounce) occurs.

However, it is possible that the plume potential he much larger than 5eV since it is very

bensitive to the electron temperature in the plume, and for that matter to the electron distribution

furnction. Because, it is not obvious that the electron distribution function is maxwellian, even a

Mil deviation from a maxwellian, e g an extended tail, can have a big effect on the potential
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which will adjust itself to keep the electrons from flowing out of the plume, if the potential is a few

times greater than the bulk temperature. This will depend on the velocity distribution at which

electrons are born (from ionization by collisions between exhaust molecules and incoming ambient

atoms, and any other ionization source that is important), and on any instabilities that occur in the

initial distribution, and how these affect the distribution. Also, ambient electrons coming in along

the magnetic field, and accelerated by the potential may contribute significantly to the electron

distribution and instabilities.

3.7.2 Trajectories of Ambient Ions across a Shielded Primary Thruster Plume

Figs. 5 a and b show, respectively, the potential configuration and potential contours of a

plume fired in the direction of the motional electric field (negative y-direction). Figs. 6 a and b

show these same quantities but for a plume which is fired in the direction opposite to the motional

electric field. These potential characteristics are (artificial) non self consistent (with the plume and

cloud plasma) and the plume is assumed to shield the motional electric field at a potential equal to

the potential at the structure. Therefore, to the left of the shuttle (in the negative y-direction)the

ambient ions will see a potential hill at the plume (fig. 5) and to the right of the shuttle they

will see a potential well (fig. 5). For simplicity, we have studied these two cases separately and

only considered I-D potential shocks (variations in the plume potential along the y-direction were

ignored). Figs. 5c and 6c show the (fluid) E x B drift 0' ion trajectories (which is of course

coincide with the equipotential lines) and figs. 5e and 6e show the corresponding guiding center

drift velocities (equal to the local F < B/B 2 ). Figs. 5d and 6d show the particle (or 'kinetic')

trajectories of the ambient O ions (obtained by numerically integrating the equation of motion)

and figs. 5f and 6f show the corresponding particle velocities . In figs. 5 and 6 the potential shocks

caused by the plume shielding were assumed to be equal in magnitude but opposite in sign and

relatively smooth.

We can see that in the case of a potential well (fig. 6) the ion larmor motion does not affect

the trajectory and thus a fluid description of the ambient ions would be relatively accurate in this

case The small increase in the ion temperature downstream of the plume should not in reality
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be that high due to ion-neutral collisions at the plume. On the other hand, in a potential shock

equal in magnitude but opposite in sign (a potential hill, fig. 5) we can see that ion larmor motioln

effects become significant. Although we do not see the ion bounce off the shock and upstream of

the shock (up to the plume axis) the fluid description seems to be accurate, the sharp potential

gradient at the plume axis makes the ion guiding center leave the equipotential line and accelerate

to very high velocities.

Finally, in fig. 7a we show the potential of a plume with a potential hill of about 6 V but

with large potential variations in distances of the order of the ion larmor radius at the thermal

velocity (A ; 6 V in distances of 5 meters). Figs. 7 b and c show the ambient ion fluid an kinetic

trajectories and figs. 7 d and e show the corresponding velociLies. In this plume we see that ion

larmor motion and ion inertia effects are important since we see the ion bouncing off the plume

(fig. 7 c) and thus fermi accelerating to velocities three times larger than the orbital in one bounce.

It is interesting to note that if the background motional electric field were not present the particle

would fermi accelerate only to velocities twice the orbital (fig. 1). However, in our case, after the

first bounce the background motional electric field does work on the ion and thus the ion ends up

with energies of more than 6 times its initial (not only 4 times as predicted by fermi acceleration).

This agrees with the observed peak in the O+ energy distribution near 30 eV (Paterson et al.,

1989). It is also interesting to note in fig. 7e, that after the first bounce, due to the work of the

background motional electric feld on the ion, the second time the ion encounters the shock it has

a velocity of 2.3 times V0 (corresponding to a kinetic energy of 26 eV.). Nevertheless, the second

time the ion encounters the shock it could still bounce off it, even if the potential increase at the

shock is less than 26 V, as long as the ion kinetic energy component perpendicular to the shock is

less than that of the potential increase at the shock. Therefore, more than one bounce could be

possible with plume shielding potentials not much larger than 5 V above the background potential.

If the ion could bounce three times it could readily be accelerated to energies of about 100 eV's.
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3.8 Summary and Conclu: ions

A basic analysis of the shielding of the motional electric field by a spherical plasma cloud shows

that, when Alfven currents are taken into account as well as the sheath along the B-field, the

motional electric field will be shielded for nHo > 101°cm -3, ni, > 5 x 106 cM - 3 , and R, 1 Krn

(R is the effective radius of the cloud which could be defined as the distance at which the neutral

water density is three orders of magnitude lower than the density at the center). If the cloud is

elongated by a factor A, then the requirements of nH.o times ni decrease by this factor up to

VA/Vo which is a few hundred in low earth orbit.

The self consistent study of the acceleration of ambient ions by the potential of a polarized

cloud requires a kinetic treatment. Analytical kinetic models pose difficult mathematical problems

since collisions must be taken into account. These models are also complicated by the fact that

when considering fermi acceleration problems, regions of strong field gradients must be included.

Nevertheless, it is possible to derive a constant of the motion of the electrons in these regions for

studying the processes that occur there.

A study that is based on a self consistent fluid model of the cloud but that takes into account 0

ion kinetic effects shows that water clouds with central neutral water densities less than 1012 crn -3

will have smooth potential distributions for all values of R, the effective radius. In these clouds

the dominant ion species is the ambient O with a density distribution that is more or less uniform

throughout the cloud. Since the other cloud ion species, H2 0' and H 30' , are products of reactive

collisions between O and the cloud's H20 neutrals, they will have density profiles that do not fall

as fast as th~e nHO profiles and for nH2o < 1013 cM 3 will be at the most of the order of magnitude

of no ,. This will lead to smooth potential configurations that will be unable to fermi accelerate

the ambient ions.

Large and medium size water clouds (Rc > 600 m) with (nH2O)cenro > 1013 cm - will have

potential configurations t.at will he smooth in the outer region of the cloud for the same reason as

the less dense clouds. Therefore, no fermi acceleration is expected to occur in these cases either.

On the other hand, very small polarized clouds (R, ; 100 m) with (nHO)¢,ntW > 10 3 crn - 3 can

have potential gradients that are sharp enough in the outer region of the cloud to fermi accelerate
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the ambient ions.

The plume of a primary thruster of the shuttle has a neutral density of 101 7cm - 3 and is ionized

by reactive collisions with the ambient atomic oxygen to plume ion densities of 109 cm - 3 . Due to

the fact that the time an ion takes to go out of the plume is small (10 - 3 sec), the perpendicular

current in the plume is small. Charge conservation therefore requires that the parallel current be

also small. Consequently, the plume potential has to adjust itself to hold the electrons in and is very

sensitive to the electron distribution function. If the plume electrons were Maxwellian the plume

potential would be about 5 V above the background potential and this could lead to one bounce or

fermi accelerating the 0- ions to 26 eV. However, because of instabilities and ionization processes

that take place in the plume the electron distribution function is not expected to be Maxwellian

and this could lead to much larger plume potentials. Therefore, ambient ions could bounce two or

three times off the plume and easily end up with energies of about 100 eV. (because the motional

electric field also does work on the ions that bounce off).

Finally, it is important to mention that the major problem in the self consistent study of fermi

acceleration lies in modeling the strong potential gradients or shocks self consistently. If these shocks

are due to the shielding of the motional electric field, as in the case of polarized clouds and primary

thruster plumes, a self consistent model must have to take ion-neutral collisions into account.

Therefore, since conventional PIC codes and particle tracking codes do not include collisions, they

cannot be used in modeling these problems. A hybrid treatment, such as the one described in this

report (using the 2-D fluid model of the cloud and kinetic 0' ions), seems to be a good way to

approach the problem of the plume.
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4 Anomalous ionization in contaminant plasma clouds

The computational simulation of medium and low frequency plasma processes can aid greatly in

developing an understanding of the interactions between a spacecraft and the plasma environment

of the upper atmosphere. The usual method of accomplishing time-dependent plasma simulations

is the particle-in-cell (PIC) code. These PIC codes simulate a plasma which, in reality, may consist

of between 1020 and 1025 particles by integrating the equations of motion of between, typically,

103 and 105 'macro-particles'. In the usual explicit electrostatic PIC code, the Lorentz force law is

used to 'push' particles along their trajectories over some small time step (wpeAt << 1, where wp,,

is the electron plasma frequency). The particles are then weighted to a grid to determine a charge

density distribution over the domain, and Poisson's equation is solved to determine the potential

and electric field. This electric field is used to push the particles to new positions, and the process

repeats. Plasma properties such as density and temperature are found by taking the appropriate

moments of the distribution function of the macro-particles.

Numerical stability requirements, however, restrict the typical explicit PIC code to time steps of

.1JpeAt < 2. Hence, available computer processing power restricts explicit PIC codes to simulations

of processes with frequencies on the same order as the electron plasma frequency. For simulating

low and medium frequency phenomena (w << w Pa), implicit methods must be used. The implicit

method uses a modified form of Poisson's equation which results in an algorithm that is stable for

all tine steps and can therefore be used to simulate low frequency processes.

The objective of the current research is to develop an implicit PIC code capable of s1miiulat-

ing low and medium frequency plasma phenomenon. The code is to be developed in a manner

commiserate with the ultimate goal of studying spacecraft-upper atmosphere interactions. Work

towards this objective has continued over the last year. .. n explicit code (used as a baseline model)
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and an implicit code ca- ible of modelling low and medium frequency phenomena have both been

developed and are currently functional. Presently, the codes are doubly periodic. Development of

bounded, explicit and implicit codes is currently underway. Further validation of all the codes is

also continuing by comparing the results of the codes which each other and with examples from

the literature. Extensions of the code to include more complex geometries and chemical reactions

are planned for the future.

5 Low frequency instabilities in contaminant plasma clouds

In this section, the abstract of Mr. Mogstad's thesis is reproduced. For more detail, the thesis

can be referenced (T. Mogstad, S. M. Thesis, Dept. of Nuclear Engineering, MIT, 1987).

It has been observed that the Space Shuttle in its ionospheric orbit has a relatively dense plasma

cloud associated with it. The Shuttle is releasing water, and the plasma cloud is generated when

ambient O ionizes the water through a charge exchange reaction. Electrostatic noise at frequencies

between 0-30 kHz has been recorded in the Shuttle vicinity. We have performed a stability analysis

of the plasma cloud with respect to the f x j instability. We model the cloud density distribution

as a cylindrical step function along the geomagnetic field, and the Shuttle is travelling in the

west-east direction. This modtion with respect to the magnetic field generates an electric field

in the moving Shuttel frame, which triggers a destabilizing electric polarization field inside the

cloud. By applying linearized continuity equations, momentum balance, charge conservation and

quasinuutrality we obtain a local dispersion realtion. The dispersion relation is solved analaytically

and indicates that the instability growth rate exhibits a maximum at the backside(O = 180')

of the cloud, wheras the oscillating frequency is greatest at 0 = 90'. By increasing the parallel

wavenuiber k2, the temperature, the parallel conductivity or the collision frequency, the instability

is reduced. Increasing the Shuttle 'elocity makes the cloud more unstable. In addition to local

modes, we consider global modes and we find that exponentially growing eigenmodes can build up

on the backside of the cloud.

The local dispersion relation is solved numerically, and the results support the findings from

the analytic analysis we also show that a steep density gradient is inherently unstable in crossed
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E and B fields and that the cloud has steady state solutions only when linearized.

The poloidal localization of instability modes suggests that Shuttle carried sensors operating

inthe very low frequency regime (i. e. below 100 Hz) should not be used at poloidal angles of

9 ±900. Also, radio communications at all frequencies can be scattered by striations at the

anisotropic backside of the cloud where the instability growth rates are the greatest. the growth

rate frequency is estimated between 1-1000 Hz and the oscillating frequency between 1-100 Hz.

The latter can induce signal degradation of radio waves of frequencies less than 100 Hz only.

6 Two and three dimensional fluid theory of contaminant plasma

clouds

Finally in this report we include two published papers on two dimensional fluid theory and a

recent AIAA paper on three dimensional fluid theory.
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A Simple Model for the Initial Phase of a Water Plasma Cloud
About a Large Structure in Space

D. E. H ASTIN (S. N. A. ; A rsNIS, AND r. MX;SrAI)
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large structures in the ionosphere will outgas or eject neutral water and perturb the ambient neutral
environment This water can undergo charge exchange with the ambient oxygen ions and form awt.':
plalna cloud -\ddiiionallh. water dumps or thruster firings can create a water plasma cloud A simple
model for the evolution of a water plasma cloud about a large space structure is obtained It is shown
that if the electron densit* around a large space structure is substantially enhanced abose the ambient
density then the plasma cloud will move away from the structure As the cloud moves away, it will
become unstable and "ill esentuall, break up into filaments. A true steady state will exist only if the total
electron density is unperturbed from the ambient density. When the water density is taken to be
,onstent wkith shuttle-based obsersations, the cloud is found to slowly dnft away on a time scale of
man) tens of milliseconds. This time is consistent with the shuttle observations.

1. lNrRot)rlCtl) large-scale plasma flow around the body In section 3 we

Sine the dawn of shuttle flights to the ionosphere it has obtain a analytic solution for the case where there is no clec-
beet realized that the ambient ionosphere is strongly per- trostati, modification of the motional potential This case cor-

turhed h. the presence of a large hody in space [Green et al., responds to a plasma cloud which does not enhance the ambi-

19"5] Scscral experiments on board the space shuttle have ent density. In section 4 we perform a multiple scale analysis
been dcv oted to the measurement of the plasma parameters in and obtain the equations for the field line averaged densities

the cinjt of the spacecraft [Murphvt et al.. 1986: Reasoner et and potential. For the case where the cloud density exceeds
i1. l9Sh] It has been found that the shuttle or any body in the ambient density we show that the equations of motion do
space lflects the ambient environment through the interaction not allow steady state solutions and suggest that the cloud
of its associated contaminant cloud with the environment. The max be unstable to the growth of E x B gradient instabilities.
contaminant cloud arises from surface outgassing, leaks from We then solve the model equations numerically with a flux
ifc support sxstems, thruster firings, and water dumps. The conserving transport (FCT) numerical method and show the
contaminant cloud can undergo several different types of in- long time behavior of the plasma cloud. We obtain the ion
teractions %ith the ambient environment ranging from physi- residence time for a range of cloud densities. For densities
cil interactions such as momentum transfer to chemical inter- tpical of what is observed around the shuttle, the residence
actions -such as charge exchange. The result is that the self- times are consistent with the measurements. Finally in section
consistent ens ironment around a large body in space may be 5 we conclude with a discussion of the significance of these
,iniricantlx different from the ambient environment. We results for measurements from large space vehicles such as the
choose o put the emphasis on large bodies since large bodies shuttle. Although the equations of the water plasma cloud are
can hac an associated cor.:aminant cloud which makes an generally applicable, we choose to concentrate on the dynamic

iI i.nce to the ambient env ironment. B, an O1) change behavior of an initial water plasma "puff" which could arise
vc m7en that the composition of the ton densit, is substan- from a magnetoplasmadvnamic IMPD) thruster tiring or a
1.1ll; dThned For example. observations around the shuttle plasma source

':,,.t i i 19X' I indicate that the observed en'mironment
dlfctr i .iider, bl' rom tie expected ambient ensironment. 2 [i Itt Of- IM Lt)L:Aito\s

It 1- important to study the self-consistent ensvtronment FOR rif[ PLASMA CLOU

ir,,und iarce spacc sehicles such as the shuttle for several Plasma clouds in the ionosphere have been studied both
e,,n, Pi e miator reason is to understand the noise that % ill theoretically and experimentally for a number of years [Per-

be o,cr,.cd on any sensors carried on the %chicle [Pkett tt c ks et al., 1973. Zahuskti et al.. 1973: Mitchell et al.. 1985]
., s Thi's .ll directly affect the uttlitv ofthe sensors for -he major motivation has been to understand the dyvnamncs of
prpos es 1 otbersation Another important reason is to build such clouds since the', hase been used for tracing the magnetic
utvlr~andmne sI, the space plasma environment and some tf field lines and they may interfere with communications In this
ihe prc'ses that c.an occur in it -tnally. stud, of the self- work we shall follow a similar path to obtain the equations for

iisl, ,trHi nvronment will help in understanding such basic the plasma and self-consistent electrostatic potential around a
JC-1cP -tUCs as hosw to mitigate spaccraft charging in low large body
I rhit "e work in i frame attached to the space structure ,ind

li, lht, r-pper vs.e deselop ,i simple model for the motion o s ,t.iti by assuming that the space structure is emitting neutral
,sitci )i.i ni ,.ilsd iround t lit ire st ruc.ture in the too- water nt) an ambient background of oxygen ions and tteu-

I i, r,." In -. tn usc dcrivc the equations that ds.rihe the trals [he spacecraft is taken to he mroing at orbital selocit,
with respect to the ambient ens ironment I -8 km s for low

,r , \,, terl..r I re,,;h'i i m'of tartliirh or I- For an ambient environment whose neutral den-

sit% s I I the order .i i" cm ' the iean free pith oI the
. ''s ~vsi acr mtlcki.lcs is I an ktiloieters Hence tor lcnith s-icls o

'i in I I II I I''II'I I II I II I *
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up to a few kilometers we can take the water molecules as z
freely expanding with their thermal veloctty and write the -

steady state neutral water density as

nH:() = lHO) (r) r)

This assumption about the neutral density Is reasonable for
low water densities (water density much less than the ambient

neutral density) but will have to be modified for higher den-
sities. However. since we wish to concentrate on the plasma
dynamics, we shall leave more detailed modeling of the neu- M
trals for future work. In (ll we have approximated the struc-
ture as a sphere of radius ro and taken r as the radial distance
from the center of the sphere. This approximation will be
reasonable for any body shape as long as we are several body
dimensions from the body So for example, the space shuttle, X

whose longest dimension is of the order of 40 m, can be rea-
sonably approximated in this manner at distances of the order Fig. I. Coordinaie s.,tern
of 100 m and beyond. The density n, 0o0 is the density of water
at the surface. The assumption that the neutral species is water and f0 o- being the oxygen cyclotron frequenc. Ahile is HO

is based on observations from the space shuttle, where the the oxygen ion-neutral water momentum exchange collision
dominant contaminant species was observed to be H.0' [Ca- frequency. The vector F is given by
ledonia et al.. 1987]. F

The ionic water may be formed by the charge exchange eB)V In no. + (ce B)E o- :Oi HO. Q,. 15)

reaction In (5). 7 is the ion temperature, which we take to be constant.
and the first term is the force due to the ion pressure. E is the

0* + HO 0 + H 2 0 (2) electric field seen from the moving frame and gises the electric
force on the ions in the moving frame. and v,,, in the third

where in the frame moving with the space structure the torc on the ion in the m ame, a ter i the thterm is the velocity of the water, a term that expresses the
oxygen ions sweep through with an energy of up to 5 eV. Att energysheeao rforce on the oxygen ions due to collisions with the waterthis energy the reaction rate k_= has been measured and is

= 6 x 10- " cm s [Murad and Lat. 1986a], and for 0 neutrals. In the derivation of the force on the oxygen ions the

the charge exchange collision frequency is v,= n,,k. dominant collisions for these ions have been taken to be col-the hare echane clliion reqenc is = =nmo ,. lisions with the neutral water molecules Irate constant 1.2

We assume for simplicity that the body is moving perpen-

dicular to the magnetic field with velocity in a fixed frame of x 10 cm' st. Collisions with oxygen neutrals rate constant
3 x 10 ' cm 3 s) have been neglected for simphcity since we

V We define a wind velocity in the moving frame as V =
-V and then define a Cartesian coordinate system ix. v, :) in anticipate little differential %elocit,, between oxsgen neutrals

the moving frame by taking the distance x to be along the and ions In 0) the first term gies rise zo the well-known

direction of -V_. the distance i to be along the direction of Pedersen conductiv while the second contains the E x B

-V x B, and the distance : to be along the direction of the drift and the Hall current. We note that the Hall parameter

magnetic field B. We note that the negative i direction is takes %er., large \alues for parameters t.pical of the jono-

along the direction of the unshielded motional electric field r ( )- Ho 2 X 10 S and R(. -. 10- s .

that &,,. 9 , 10") This suggests that the dominant motion
that will be seen in the far field from the moing frame. The for the ox,,gen ions will be the E x B drift Hence we can write
frame is illustrated in Figure I. the continuity equation for the ox.gen ions a,

We take the oxygen and water ions to be mainly moving

across the magnetic field due to their large gyroradit while the no .-- - V _ (1 x b.- V o ri -n . , (61
electrons are taken to dominantly flow along the magnetic , B
field due to their small gyroradi. 'his assumption on the ion
motion is true on the large scale where the ions have a chance where the electric field in the mo\ing frame is, F - -VY and

to complete their gvroorbits In the work by (ald'onia et al the boundary condition on (IN is that for r - f the oxgen

[19,7] the tons were taken to he almostl. perfectl shielded density approaches the ambient densit%

(tom the motional electric field, and hence in the moving The electrons Aill mainly flow along the magnetic field but

frame the only motion available to them was parallel motion will also have an E x B drift across the field. In addition.

In this work the potential is being calculated in a self- electrons will be lost as a result of dissociatie recombination

,onsistent manner ,o that the ions can move across the mag- oIf the water ion This occurs with a rate .,. which we shall

netic field The perpendicular %elocit, of the okgen ions can specify later Hence we can write the electron continuit. equa-

he oblained from the stead\ state momentum balance equa- il iS

lion [.rall and I ro clpic, c. 1973] and is i

--* - - % ,4 x b V ,i - V I . , ) ,

,.%here b is the unit sccior in the ni.enCt L ticld dirctLion with 'v.herc I is the parallel electron tlus in cii t,,

h citiv ihc Hall parameici eiicn
. , "S)
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and the potential u, is defined as A here the Hall parameter for the A ater tons r.

( = P - I- In (n t,,, ,,) (9) HO' o- o. - . " I I I

e We note that in this expression all the E x B drits hae car!-

In t9 ). :, i the self-consistent potential which is modified b, celed out since the, do not gie rise to an) net current Tihe

the electron pressure The parallel current is related to the )trst term on the left-hand side of( 14) arises front hPc icse1

parallel electrtc ield through the resisti tty lrl I: current due to the electric held. the second term r, J ,,. h,'
diffus1on of ions down the density gradients, and the third !w-

= F, = V-- . ) (10) it) the Hall current. hile the fourth is the eletron tIhm, to
tit, balance the ions. This equation must be sol'.ed subject to hie

a here the resististti is given b% boundary condition that in the far field the electric ield in the
moing frame is the motional electric field. Th:. r :q utres that

M i
-' i I11 for !rl . we have V -o V x B t Wc can :nterpr-t th-

,.'- first two terms in the potential equation (equation 114) as

In it,- the collision frequenc v, is the electron momentum gioing the shielding from the plasma cloud while the last term

exchange frequencQ due to collisions with the neutrals or the is the charge neutralization by the parallel flow of electrons
from far away in the ionosphere.

ions The ph.sical content of this equation is that the electrons
floss along the field lines and are swept across it by the self- 3. ANAt1C SONS Ol tl-it Cioi;n

consistent potential in the plasma cloud. We note that for any EQUATIONS

steady state to exist for this equation it is necessary that therebe a cons ection of electrons across the field lines. This implies The set of equations for the potential and densities cannot
bhte ot e lectconus acrosthe fiens. This imese in general be solved analytically. However, it is possible to
that the potential contours must be open. This is becauseconclusions
closed potential contours will cause the plasma to rotate
rl)l/ ald I'/iilet. 19791 but will not lead to any net loss. from the structure of the equations.

Fh, implies that the symmetry breaking part of the elec- If the density of the cloud is very low. then we expect that
rh, mhvta illhe c~mria indrmning themo of motonalp

trostatic potential the motional potential will be only weakly shielded by the
cloud. In this case we approximate the electric field every-

electrons, whyh part of the potential will arise from the fact

that the sstem is movIng and hence sees a motional potential. where by the boundary condition on (14) and write V O =

Once se hase the equations for the oxygen ions and the -V x B/c for all space. Ifwe require that P =(r i~e. we do

electrons. the equation for the water ions follows from the not allow any parallel electric fields), then in the absence of

7equtrement that the plasma remain quasi-neutral, recombination we have from (7) in steady state that

nHO- = n2 - no
V n, 0 17)

.\s an alternatte to using 6). 17), and 112) we could use 16) and which has only two possible solutions, either that ?, t n_,_i 121 oupled A ,,th the equation for the water tons everywhere or that n, varies in only one direction in space.

which is physically unreasonable. The oxygen equation is

V , x b" VH o . = n)." - nrH.Ok-- (13) -V. V no . no - .V' 1181
, B

which has the solution
fmalI,. sse need an equation to determine the self-

onistent potential This equation comes from the require- J _n n_._,,_ ro 2

ment of quai-neutraht, for all times This means that in addi- i. =nb,,,, exp V + z2)] 2

tion to i I , we require that ae have charge conservation
ii %%here j is the current flossing in the plasma. We arcian ( - :(19)

takc the perpendicular current to he given b the perpendicu- L y 2) 219
itin os 10f) ieqL4tion 0) and thle analogous equation for the [his shows the product of the water column density traversed

perpendicular vsater selocit ) and the parallel current to be bv an 0* ion and the charge exchange eross section. Hence
the electron tlovvs, iequation 1) atnd obtain the the electron density Is constant everywhere while the oxygen

equation IDroike and Iluht. 198ti] ion densit is depleted and partially replaced by the Asater ion

density The contours of constant water ion density relatise to
PL --" ) . D . .... the ambient electron density are shown in Figure 2 for a

typical case of an outgassing structure which is emitting water

!', I "b x . )''  from a central region of 100 m in radius. We choose to look
LI,. on these large length scales since there is evidence from

,, ]plasma diagnostics package iPDPI measurements around the
S, ) v - V ,. - 1141 shuttle of swater ions out to a kilometer from the shuttle G

till ". \turphv. private communication. 1987). We see that most of

fnrr ,hraie coner atin the perpendiLular 1on the depletion for the oxygen density occurs on the wsake side
,htfluitin ,,et ,.tent ., ' the structure. and for this case. somewhat less than half of

the oxygen ions are converted to water ions Hence for this
1I ase the water plasma cloud is actuallN a depletion relative to

the ambient electron densit,

,0
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4 DERIVArTION ANL) NUMERICAL SOLUTION while the potential equation tequation 11l4~ IN

OF rt)E AV-RACLO.I CLO (rD EQtr ATIONS r*.
Since the plasma tim'. along the magnetic field is extremely B L( 2)vF

rapid compared to the perpendicular flow we can simplify the .

equations describing the plasma by doing a formal multiple DHO. -I

scale analysis PhysicallN. we expect the cloud to take a cigar
shape along the magnetic hield. The equations for the hield line ~-b x 'i,.v( -

a~eraged density, and field line aseraged potential can be ob- I

fained by% aseragzinv the density and potential equations where 1t-0
the aseraging operator is gisen by, b x '.VV N Hi

F I I B ~ dlIn obtaining these equations sse hase used the multiple scale
I 1 I Hassumption to say% that the densities and potential hase I

strong dependence on the perpendicular direction and a A.eak
Hence from this point.N,. Nti~o.. 1,. and (D refer to the field dependence on the parallel direction This is, a reasonable as-
line a'.eraged electron densitv. water ion density. etc. The field sumption for the plasma quantities but cannot he applied to
line aserage operator annihilates the parallel terms, in the ee- the neutrals. Therefore in (201. (21). and 1221 we base esahuated
tron density andj potentil equations and gises for the density the neutral %kater density" in the plane : I) Thi, assumnption
equaitions (from (61 and (itI enables us to obtain a closed Net oh equations for the tield hic

aseraged quantities and still contains the appropriate phssis

~ . V ~. N '01 We note that in 121 A'e hase neglected the parallel current
B carried bs Alfsen s'.a'.es This point %% ill be adldressed in future

wsork

77~~~~~ --- i h.i -VV (1 Vhis set oA equations describes the dynamiLc solution of a

ar plma lOUd as seen from ma triC~n iramei and ss i i the
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potential calculated seclf-consistcntlk W.Ae shall Use these equa- We hase solsed the a,,crac'cd cloud equation,

tions it) stud% the evolution of a water plasma Cloud A here the i 2f(h 121I. and 122)) for ai S km hs i kM squareiF tgIC5i:ssiic

nitial densitv may, be larger than the ambient electron density. uniform 101H bN 10 CI artesian mesh The ceniter o! thec .lu.i. e
-Xs pointed out b-x Caledonia ct at. [ 197,1 such an enhanced %kas fixed on the structure. With V. v. and \,, I I

dlenii' cannot arise self-consistentlx% solels by chemical pro- eisen at ,oric time Ae calculate the potential fto:n t211 and
cesses such as chargze exchanoe. Therefore in those cases where use that result to obtain the flow field ielocitice [hcel hit
the wsater plasma density exceeds the ambient densit!, wve ifomtnisudin2ad(2Ioadacete:'i;
assume that the water plasma has heen injected at the initial one time step.
11tne lue to some mechanical mechanism Sucn a1S iMe firng o" Successise point over relaxatt SPORi As C

a pLasma Source. the elliptic current balance equal. in This scheme intro,'tic~s
This set of field line averaged equations for af plasma loudI relaxation parameter into the cqtation. which then it:, -- an

,tround a space structure still cannot be sols ed anals ticall%. iterative solution of the problem IouRitai !97Th ! he ic;.% .i

hut it can be shown that the onls steads state iolution al- tises were approximated bt, second-orde,: irate
lowed is the one previousl\ discussed ahere the electron den- and iterations wkere carried out lintil .he maximutn riot
sit\s is uniform esersahere. The proof of this statement is less than 10 'between tAo successive iterations. Neumann
gisen in the appendix and follows a Similar proof in work by boundary conditions were applied in both the x and idirec-
Duti'e [ 19581 Since in the far field the electron densit) must tions. We required the potential to match the following
match the ambient density, we conclude that plasma clouds boundary conditions in the far field:
ssvhose densits exceeds the ambient density cannot be steady V
state structures Therefore the enhanced densities seen around Vi(P= - - -__

the shuttle [Picettu et al.. 1985] must be transient phenomena.

The fact that a plasma cloud whose density exceeds the ambi- in the N' x B direction and
ent will continuously evolve is also suggested bN the following
pbsistal arguments: Such a plasma cloud will base a density'Vit
distribution which will probably peak toward the center of the
cloud. The moving cloud will bave Pedersen currents in it in the direction of motion. The potential of the central struc-

a:hact ito modifN the imposed motional field. These Ped- ture was taken to be 4 V, which is consistent with measure-

ersen Currents are density dependent since they arise from the ments taken from the shuttle.

hulk motion ot ions due to the potential gradients. Therefore For the convective equations we used the two-dimensional

ac expect. and 1221 confirms this, that the highest-density re- flux correction method (FCTI of Zalesak [1979] The high-

aton' of the cloud will modify the motional potential most o~rder scheme was a leapfrog trapezoidal [Roach. 1976] with

tc~cntisl Hence the loA-densitN cloud edges will see a self- fluxes calculated with the flux formulae developed by ZalctsaA

coirsitenit E x B drift dlifferent than the higher-denstty re- [11984]. while a donor cell scheme [Roach, 1976] was used for

owsn, This leads to a selocity shear through the Cloud which the lower scheme to complete the FCT algorithm Ssmmeiiic

caiuses it to continuously distort Therefore no steady state will bundary conditions were applied on the density distributions.

exist The time scale on swhich this distortion will take place and the flux limiter was applied on every iteration No as-

at!!i he a lunction of dlensity It can be estimated on the basis sumptions were made about the symmetry of the solutions so

,,I the iriLTm1ent; gisen by% Perkins ci a!. [1973] if we assume that the computations were carried out through the whole

ih~it the oominant etfect of the cloud is to shield the potential, mnesh. The oxygen ion density approached the ambient ion

It the cloud has density % i > then the electric hield in densitN (taken to be 2 I 10 cm 3( at the edges of the square.

he JiOUid is E, ti " i L:, A here Ei,, x B - L,e, The water in densits was assumned to base an initial Gaus-

I-rut: V x E =0 ec obtain sian profile falling oill n a length scale of 500 m

E, ~Ir - r,i

T h e i. K ij \, lo cit s is v E x B 8 :, 1%h ich vi% , sesx 
R

I I ii'-1 t Is khere 'r, -O 31i and R, 5Mn m T[his simulates a large-

-:t i of ' MJP1. sca~le ionic witcr inject ion [he initial wxater ion profile for a
t~ic simulit ion is shov i in I: 1iue. 3. where the central

-cc 0:t in the nos inv frame the cloud %%;Il drit haek\Aard 5 ltitsit% for this casc -csas 0) - 10' cmn ' las this

% c0 . cis'5 tcI depends oin the densits inid will idrift figure the s direction corresponds to the negatise a itid %eloct-

'le .s a I: i slocts hicLi depends both on the detits tis dircctiott That is. the neutral winmd is bloaing frisin plisitise
ii,. ,a a'a.isrp lie deiisit% graienti is iii thc dircetio of \ Ito iiCgAiixe \ Ill tis (1tat [lieC iicgills it eeii is he1O01 "11

t(1 a,, : s .111111 1 rim these t itAiCis \%k ciii1 see 11111 Clisiorf litiistt of the mioinail cc tic hfeld

'"t '' i tim s11 C ale 't 1 - 1 s 1 r' 1 'Ahic I Ill I cities -4 is %kC s11ioa lieC iitii1i chlstlst1111ot )I I kit

ic f.: s lnei.h ,.ilc I ,sr lie, ,icas it the Spaic sltitiliv if "t Ai Ictiits profile as crisci ii I wure I aiid tsr ilite iiiol

-A, !,Lc 'i' 1:11ii1\ liteilt1 ilAI to he the shutt~leength t i wit it~ilet densiities In I igule 4 the initial kafitr clensits %%.is

it irid t. ki'ater in clad ofI 10' .rn if) .in ambient _i\ ,t f = 10' itn 'in this tigure \kc see the shieldting
c Pit iti .n ;lien iir ti \60it'. sf s killn the dissir- -'lctric field dccre.isesi that irises when the total in detisits

is:.' -. \,ccdN the inihient ssss ci in densitt anmd the Cloud be'-as
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water ion density is normalized to the far field electron density
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Ftig 7 Water ion density contours at 0.1 s for an initial central water ion density of 106 cm - 
Water ion denst. is

normalized to the far held electron density.

as a classical dielectric. In Figure 5 the central water density on the backside of the cloud. The central region of the cloud is
was taken to be 'V,o.(x = O = 10' cm Here we see exact- seen to be breaking into two regions with %ery steep gradients
l , the opposite tendency from Figure 4. The electric field on the backside of the central region The fact that most of the
inside the cloud increases rather than decreases This occurs distortion is concentrated on the backside of the cloud can be
because the density gradient terms in the current balance understood by noting that the high-density core of the cloud
equation are large enough to overcome the natural polariza- will drift more slowly than the rear fringes of the cloud so that
tion which occurs due to the imposed motional electric field, the back edge of the cloud will collide with the central core.
The electric field increases since a large mobility driven elec- thus leading to the obsered distortion Also. around the
tric flux is necessary to balance the density gradient driven ion source. ionic water is still being formed due to charge ex-
t11I This tendency is confirmed in Figure 6. where we give the change and then immediately drifting backward so that a ver,

potential distribution for 0,)1 .lx = ) 10' cm T 'he po- steep density gradient in the ionic water is obscrsed near the
tentikil contours here can be well modeled as due to a uniform source. The distortion on the backside of the cloud mas he the
motional field and a positise charge on the positive side of de elopment of the E x B instability In barium cloud studies
the cloud and a negative charge on the negative v side of the where the equations fPerkins e a. 19731 for the barium
cloud This suggests that the picture of the plasma cloud cloud are sery similar to the ones used here the cloud was
around large objects in the ionosphere as being a dielectric obsersed to break up into filaments both experimentall and
,hield (Kat: e( oi.. 19X4] is too simplistic a model. The impor- numericalls Zahuskv et o/. 19731. For barium clouds It is
tant effect of the plasma densit gradients must also he taken beliesed that the filaments may be associated with the forma-

',ia.iunt tion of E x B instabilities [Drake and ttuha. 1986] This leads
\ tvpical simulation is shown in Figures 7-13 for the initial us to suggest that the filaments may be due to a similar

water ion pul" given in Figure I and with an initial density of reason This important topic of possible instabilities Is the

%,, i I I)) 10' cm ' Since an enhanced density of this subject of ongoing research and \-ill be reported in a future
maimntide would hase to he caused by some means such as a publication. This also suggests that long-waselengti. low -
plasma source which would probably emit warm electrons, we frequenc electrostatic noise may be inextricabl\ linked with
took the recombination rate for the water as A__ o-- 3 the large water densities ohsered around Ltrge objects In

.Ii m0 L ['tirad and Liit 1986h]. which corresponds to Figure S we show the associated oxygen densitt contours at

in eleciron energy of I eV The neutral water is assumed to the saic time This region delimits the area hcrc ne ionic
has c the form gilen in 11 In Figure 7 we show the hater ion w.atcr is being created from the area where ionic water csists

dcnii contours at 0t 1 s after the start of the simulation This becausc it has come from the initial conditions Gmparison of

iorreponds to 16 gproperiods khich is enough time so that a this icure \kth the last figure 'uggests that part of the hrc,ik-
,ub,tantial F x B drift can ocur 17he , atcr isn cloud i, seen lip t the c.7ntral :ore ifa' be due to the cr.iation ,I onic 45

to be drifting ha.Lk\.ard and to he undergoing some distortion ss atiCr Ihere riii ti issmmctric manner In ihi' tiurc ,.e ilso
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Fig 10 \Vater In dcnsit'. contours at 0.15 s for an initial central water ion density of 10' cm 'Witer iont densit% is
normalized to the far field electron density.

PLASMA CLOWD
H420+ NEFIALM DENSITY OISTRBUIT1ON

tic_ o.50-O I Tin - 2sec

000

3.0 -2.0 -t0 0.0 10 2.0 3.0 40 s0

010-5 X ,

I iv I I Amerr -ti densiiN .-'nioour% at 112 for in initial entraoi a.ter on Llensor of 11) m V~.oiet ri de,lc 1t 47
it rmy,ili/ed ii, the or field CICsron dcnosi



H TI\(A
, 

tr A1L 1IN! AL % (10110N 01 A WArFR PLAS14A ('LOL D I

PLASMA C.-OLX
H20. NORALO DENSITY DNSTMBLTION

IC- 050OE-O 1 Tme - 02550C

0
6

-4

C)

Q 0.05

-0 -20 -1.0 0.0 1.0 7.0 3.0 4.0 5.0

x 10"-5 X (Cm)

Fg 2 Water on denst contours at 025 s for an initial central water ion density of 10' cm Water ion densit is
normalized to the far field electron densit,

PASMA CLOqUD

H20+ NORMALIZEO) DE1ITY DISTRIBUTION
PC- 0OOE-1 Time - 03We

0 N

0

01

C

v.

-3.0 -20 -10 0.0 to 2.0 30 40 50
x 10-5 x .

-%OT 'n ~ - i 1,, an nifiii cnirail ter ion den~itc (' I i~ n %Aiiei ITITCn'is 4
.. . 15 i , 111 J., fITJ C &I ji



1412 11 AiST INO I I N I I N t ITS \I ' ' F101 - 1 T ,5 N i vk l PI sNSM A I( It1)i

,ce the .er, sharp density gradients in the oxygen density 5 C(ti t tsi.S

along the edges of the oXygen hole. In I) 1 , the region of We hase formulated a simple model for the plasma :IotJd
osgen depletion extends back behind the structure a distance around a large structure in the ionosphere fOne uch Structure
of approsimately 0.7 km. This suggests that the center of the is the space shuttle, and another may he a s'stem , ike the
wAater cloud is moving with a drift ,elocity of approximately 7 space tation. The model has been applied to an ioni ,kmer

km , This is less than the lelocity at which an indiidual Ion puff. and the dynamic behavior of the cloud fotlowed
would drift backward if it saw only the motional c.,.ctric field -% number of important conclusions can be drawn. I irst is
and occurs because the ions in the cloud are being affected by that the cloud possesses no steady state if the electron densit
the .elf-consjstent electric field and not the motional electric is enhanced above the ambient densitv. The second is that the
held. In Figure 9 we show the potential contours at 0.1 s. The effect of density gradients in the cloud ma+' actuallt enhance

fact that the cloud has moved relatte to the structure is clear- the electric field that the cloud sees. so that the -icture of the
I\ seen in this figure since the region where the potential con- cloud always acting as a shield against the motional potential
tours are distorted has mosed backward. For Figures 10f 13 is too simplistic. The third is that the cloud ma he suheci t,
we showx the time development of the water ion cloud at 0.15. electrostatic instabilities which will gro%. and saturate with
l2 A) 2,. and 0 3 s The cloud continues to develop a tadpolel- distortion of the cloud structur' This %kill mean that clec

ikc shalpc in the direction of cloud motion, and the central trostatic noise and turbulence may alwas accompan, these
breakip and gradients become more pronounced. [he insta- clouds. Finally, we conclude that the cloud ,tructure Aill be
hliit on the backside of the cloud has entered a nonlinear highly anisotropic. which suggests that measurements of the
t,[,it+ where distinct tingers have formed on the backside of the cloud densitv from the structure must be treiated with :are

.,ud Fhis has also been seen in barium cloud releases in the Future work will concentrate on elucidation of the eicc-

ionosphere. [he cloud distribution over this period of time trostatic instabilities associated with the cloud and on reso,u-
,uggests that measurements of the cloud density from the tion of the ion residence times with :he obsered :hem;,tr%

structure will see a density that is both time dependent and around the shuttle.
spatially ant sotropic. This suggests that density measurements These .onclusions indicate that sensors or board stems
from the space shuttle must be interpreted with care. like the space shuttle or a space station will hase to cope ",ith

The time that ions spend in the vicinity of the structure is a background which is spatiall, anisotropic. temporallk sars-
critical to determining the range of chemical reactions that ing. and also electrostatically noisy. These issues %kill also he
thes can undergo. This question is of substantial interest since studied in future work.

there is esidence that chemical reactions can occur over sur-
faces in space (Green et al. 1985]. In Table I we give an
estimate of the residence time of a water ion in the sicinity of APPFNI)IX. ANALYTIC PROOF THar CLCo

the space shuttle as a function of the initial central water ion EuArtoNs HA,. No SrTD' Sr-AI

densitt The residence time was defined asr =L to whereL We consider equations 20). (21) and (22) with recombi-
is the length of the shuttle, taken as 50 m. and i ,is the cloud nation in the electron equation ignored for simplicit We

drift selocit determined from the simulation. We see that the define t%,o potentials h
residence time of the ions is in the millisecond to tens ifB

milliscconds range and furthermore the higher-density cases - D_,,- In no, 2'j
lose ions substantially faster than the low-density cases This 10 "

suggets that measurement of the decay rate of a pull of .' I

plasma will not give a unique answer for the ton residence 1 ) ill), In lH., .24i

time (S i ,ki er a,. 19851 Rather the ion residence time is a

function of the density, as we would expect for a loss process We assume that the density equations for the o\.,gen and

which is not linear For the low-density crse the residence water possess a stead% state and that the plasma cloud Is

time is Lonsistent with measurements from the shuttle ('aledon- mos.inc ,.sith some co,'nstantt s elocity+ \ \ith ihbis asumptio.,n

iai ,r ,i. 19871 In the work b , ( aedonia et al [1987] it was ve can \% rite
,how\An tat a signal of nl", n11 . of 0 I was consistent with a

loss tine for the water ions of 40 ms We also note that these 'Pi .

time-, .r" _'onsistent with result from Spacelah 2, ,,here en- ,t

hanced ionic densities were not seen and substantial shielding
of the motional potent Il was not obser,.ed (J Raitt. pri.ate V -, -

ommur ication, 1986 ,t

\ 1l I R.,'irne Time \Leini (entrmi Ion kmer t)enits, C substi I .mid 261 into 201 and hic equ isn II AJui

.. . .. .~ t~ ~ __________ lion for the ktaicr ion, uiid U c the definition, ,I the p'rtcnt,i-

i in 3i t d '-I) to obta in

-\ • ,:,, ,"., x Ill \V l:_ -.

X Il
B
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The Motion of Contaminant Wdter Plasma Clouds
About Large Active Space Structures

D. E. HASTINGS AND N. A. GATSONIS

Department* of Aevmnaiuscs swd A~sn4ISa, Majocieuetts Jrubtsde of Technologyj, Cambridfe

Large structures in low earth orbit will release neutral water or ions through outgassing, water
dumps or thruster firings and thus perturb the ambient ionosphere. Neutrals and ions within
the perturbed environment will undergo chemical reactions to form a contaminant cloud. It is
assumed that the contaminant cloud consists of ions such as O, HgO , HaS0 and neutrals
such as 0, H. OH and H2 0 A two-dimensional model for the motion of the contaminant cloud
perpendicular to the magnetic field lines is developed. Numerical solution of the derived model

equation examines the effects of Alfvin wave coupling, neutral water density, ion temperature
and initial conditions on the cloud motion. In low density neutral water clouds (!S 100 cm- 3 ) the
shielding of the electric field is small. In neutral water clouds with densities of interest for shuttle
conditions (_ 1010 cm - 3 ) the shielding is predicted to be of the order of the motional electric
field and the ratios of the line averaged densities of the ions is consistent with experimental
data. The effect of ion temperature is negligible for the range of densities and temperatures
considered. It is predicted that for symmetric itial conditions, the drifting clouds will develop
fingerlike instabilities. Plasma depletions atr i rClicted in the wake of the moving structure with
enhancements in the ram direction. Asymmetric initial conditions, such that could result from
a thruster firing, rotate the plasma cloud which undergoes a highly asymmetric distortion.

1 INTRODUCTION 19841. A model for the unsteady motion of the plasma clouc
was developed by Hastings et al. [1988, where it was shown

With the advent of large active structures in space such that for the densities around the shuttle the polarizatici

as the space shuttle and the planned space station it has of the cloud was highly dependent upon the ion density.
been realized that these structures will significantly perturb Another study of the plasma cloud which takes into account
the ambient ionosphere by the generation of a contaminant the effect of Hall and Pederson currents has been undertaken

piasma cloud. The plasma cloud may arise either by ioniza- by Eccles et al. 119881. The Hall currents are shown to rotate
tion of gases released from the structure due to sucii mech- the polarization field so that it is not antiparallel with the
anisms as outgassing or thruster firings or may be due to motional electric field.
the deliberate release of a plasma cloud by the firing of a In this work we extend the model of Haitings ea a. '1988
plasma thruster. It is of interest to understand the dynamic to include the coupling of the cloud to Al'ven waves which
evolution of these clouds for three reasons. One reason is can carry current parallel to the magnetic field. The clcwd
to give of information on the ambient ionosphere and its equations are studied systematically as a function -f the
chemistry. Another reason is to understand the environ- parallel interaction length, neutral density, ion Cemperature,
mental impact that large space structures will have on the and the initial conditions.

ionosphere and thirdly to determine the impact that con-
taminant clouds may have on the operation of the space
itructure itsedf especially if it contains sensitive sensors. 2 DEVELOPMENT OF THE CLOUD EQUATIONS

The contaminant plasma cloud about the space shuttle
nt been studied experimentally by several authors 'Pickett We assume that the space structure moves with the -r-

,I .-t., 1985, Murphy ei al., 1986; Reasoner ef al., 19861. bital velocity of V. = 8 km,s perpendicular t the magnetic
field lines and creates a neutral water c!:u In a referenceCilcdonia at a. [1987! showed that their measurements were
frame attached to the structure (structure frame, the irbi.

:nsistent with an ion residence time in the vicinity of the ent 0*in we hog h ae etaswteege
shuttle of 40 ms. Theoretical work on the plasma cloud ' ions sweep through the water neutras wit energies

up to 5 eV. Under such conditi.ns i:,nic water ;s !'rmed v
about the space shuttle started with ti suggestion thation
the plasma cloud could be highly polarized leading to a long
residence time for the ions in the shuttle frame Katz et al.,

For simplicity we shall consider a plasma cloud c.nsistinj
of three components, namely, O*,H 2 - and t O nter-

Copyright 1989 by the American Geophysical Union mixed with a neutral cloud composed :f 0, HO, OH and H

Paper number 88JA04209 The ions and neutras are allowed t- nteract nei.l.tica..,
J14M-i227/89/88JA-04209S05 O0 thro ugh the f;lowinz reactions,

The U.5 Goverirment is authorized to reorodce a- sell this reo .

PermiSsion for further re o ducton by others mist be obtai ed ,, 51
the cooytight owner.
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k i -iL  
aNH" j0" V (Ho(,N 2Q N - ieHO + H O o . ,o H -O OH (2) N + +V(uH 2

° NH2O,) = N,. ,

-. 1m~ N N k"".. .""
-NH 2 +kHiO+*.H2 NH30 - NHl(* kH2(*.

H20 + + C -*~+ OH + H (3)

kr. or
H30+ + e - " H20 + H (4) N,,..___.+ V

at U
The charge exchange reaction rate is taken to be k,., 2.4 x NH2 , k. 2 0 HoH 2 O - NH,0. k .N. (7)

10- 0 cm a/s [Bolden and Ttviddy, 19721 and the bimolecular
reatio rte s tke iH2+ .H7 = 1.7 x 10 - 0 a where the right-hand side terms are the ionic chemicaireaction rate is taken as k~~'H =.7*.i c 3o

'Caledonia et al., 1987). The electron recombination reaction
rates are taken as o = 3 x 10 - cm 3 /s [Murad and source and loss terms obtained from the chemical reacti;,

, 1986] and k..... = 2.4 x 10 - " cm 3 /s Michtl and equations (Equations (1), (2), (3), and (4)).
Mcwan, ,. The drift velocity of each ion species can be obtair;ed.'Jc Cowan, 1983). from the ion momentum equation [Hasngs et ad., 1988; Ec-

We work in a frame of reference where the space structure
edes et al., 1988). For the i-th ion and if the ion inertia 's

is stationary, the magnetic field B is in the direction and neglected (which implies that the drift velocity of the ions
the ambient wind in the negative x direction with a speed is smaller than the thermal) the steady state momentum

-f 8 km/s (Figure 1). In the structure frame and in the equatio n s

absence of any other electric field within the plasma pertur-

bation the observer will see the unshielded motional electric

field E, = V. x B in the negative y direction (Figure 1); 0 = -TVN, + eN, E + U. x B) R'
in that frame the guiding centers of the ions will drift with b

the -V. -elocity. However, within a plasma density pertur-

bation the slectric field and consequently the drift velocity vi..(U. - U.) - moNs wAU, - U,) (8)

will be detei'-nined by the balance between Pedersen and

Hall currents, ambipolar diffusion currents, "pickup" cur-
rents as well as parallel currents carried by the Alfvdn wings. where t, is the temperature, N, is the density, U, is the bulk

'Lloyd and Haerendel, 1973; Goertz, 1980; Neubauer, 1980). velocity, U, is the velocity of the neutral and twa,, is
Charge buildup due to ion-neutral collisions or "pickup" the collision frequency of momentum transfer between the
processes will create a polarization field which will shield species and or n. We included the term R to account

the imposed motional electric field. Consequently, the elec- for momentum transfer due to reactive collision of the ion

tric field within the plasma cloud will be JEl < JE,. and i in reaction b. In general for the ion i created or lost in a

the ions will drift backward (in the structure frame) with reaction b, the momentum transfer operator has the form

a speed which is less than the orbital. In the case that the
motional electric field is entirely shielded, the plasma cloud R'i = S, r,(U, - U) (9)
will be stationary or it will be moving with the structure
velocity in a fixed frame [Katz et al., 1984]. where Si is the rate of production or depletion of the i-t-

The continuity equation for the t-th ion with density N, ion in the reaction b and the U1 is the velocity with which
.s given by the ion is created or lost in the reaction. Clearly, with this

definition of the momentum operator, there is no average
a V (Uo No )=-No k,.NH o (5) momentum lost for those ions which are depleted in the

31 reactions considered, since these ions are lost with thei, av-

erage velocity. However, for the ions which are created it is
important to establish the velocity with which they leave the
reactions. In the charge exchange reaction we assume that

the water ions are created with the water neutral velocity,
so U' )+ = UH2 o. In the bimolecular reaction we assume

that the created hydronium ions gain the bulk velocity of

the water neutrals, so that we can write uhi = UN2 o.
A complete model for the momentum transfer operator in
a chemically reacting plasma is beyond the scope of this

paper [Burgers, 1969; Li, 1966]. However, detailed numeri-
cal simulations indicated that the dominant mechanism for

" - momentum transfer are the elastic ion-neutral collisions and
not the reactive collisions. We can write then the momen-

2/ doturn transfer operators due to reactive collisions as follow

/ c --. :,,o~ cc-s~ R;, 0 (i0)
F ig I I.-o -o rd in a te sy ste m a n d co m p u ta tw n a l d o m a inh ,, 't , , N , , . t H , ( H , U t , ) ( l
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H,O, =0 (12) We expand the ion drift velocity in the expansion pa-
rameter v'/f),,which is the collisionality, to obtain to loweat

H2 0 =0 (13) order
RH30 U uVo B---= - x B (23)

m 1  0. N k bi m . oNH 2o(UH S( - UHo) (14) B2 (3
MH30+ ++H0+,Hj 

+ 
, ~r

R---' = 0 (15) and to first order (" , .v') +, c F"xB 1 (24
The perpendicular drift velocity of the ion i then can be U0 B2 scN, eN,

written as

A'x B A' (VI I where the pressure modified potential 0, is
U, .B 2  + B \ l+-F37/ -,)T

[ B 1 1 (=¢+-lnN. (25)
+- -1 (16) e+ B2 (,./Q.)2

In using the collisionality as an expansion parameter we re-
strict ourselves to neutral densities below 10"1 cm - 3 and

where the vector A' is given by neglect the Hall terms which give rise to the rotation seen
T c in the work of Eccles et al. [19881. However, small collision-

A' -cV €+ e } + C'-F' + '-F, (17) ality allows us to keep finite ion temperature in a consistent
ei eN, 'manner, since the effect of the ion-ion collisions appears to

first order in the velocity which we neglect for the density
In (17) the potential is 0, the ion temperature is T,, the ion equations. In the work of Eccles et al. 1988: the collision-
density is Ni. The neutral force densities which arise from ality is not taken to be small and the ion temperature is
elastic and inelastic ion-neutral collisions are taken to be zero. We are interested in keeping a finite ion

temperature since we wish to model initial conditions such

0+ as thruster firings.
FN = m0 +No+ Vio+. U} (18) The perpendicular ion current due to collisions is

J+ =/ - FK x B --- N, -' -- V ,

B2 B ,FpH, 0+ = mH, o+ NHo+ Z' B(26)

+MH 2 O+ N,+ v'UHo (19) where the collision frequency 7 is

=i 1/ -ZE ,j (27)
2,

N = m1 3 o NH 3o+ ( H3o+. U.' We note that all the ion-ion collision terms have dropped
out of the net current, although they have not dropped out

+MH 5 O+ NHo+Vbibr lUH2( (20) of the the individual ion currents .This is due to ion mc-
mentum conservation.

where v"' = k,.NH2o and vh ir
nI =kbi.ol N The The perpendicular ion current due to the poiarization

? KH'o+'H7O0H " drift is

comparable force density for the t-th which arises from ion- c2 1 dV(
ion collisions is j' ,= - -d (28)

-I4w dt
F; = m,N V,.,V,. (21)

where the Alfvfn velocity is

2 B
2

VA = 29)
The total collision frequency for momentum transfer v' is 4w N,m, "

defined as
An expression for the parallel current can be derived from

Li = , + P " Li
,  (22) the theory of Alfv~n wings [Goertz, 19801. The parallel cur-

n it' rent is

J= -- V E B (30)
where , is the rate of momentum transfer due to 4WvA B

chemical reactions where an ion is created or lost. For
O + we have , , 0, for HO* we have Li o+= We use (26), (28), and (30) in the charge conservation

equation, keep the largest time derivative terms, neglect the
(N)- I'iH . )v-LI and for H30, we have = parallel electric field compared to the perpendicular electric
(NH,<, INH 3 +, )Li

1
"""+

,  
field and obtain
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c d ion current is sutficiently large to give rise to a sub- !,t
- s VA E change in the motional electric field.

A The density equation for the t-th ion is given y

47rV ( F B- eN. V 0 (31) N V, .t B 
j 

N
× 

2 B V N , = S . - 1 _( 3 '

where d/dq is the derivative along the Alfven characteristic where the righthand side terms are the ioni. c'ei-:.; . ,
and loss terms (see also (5), (6), (7)). In this equt.i_; w,

U 1 ± AB/B neglect the parallel flow terms relative to the perrp.n.liu',ar
a VA flow terms. This can be justified by noting that the parallel

scale length is expected to be much longer than the TrrtF'm

We can integrate (31) along the Alfvdn characteristics to iicular scale length and if the electric field is n-t perfcct'y
obtain the potential equation shielded Hastings et al. 19881, then the perpendicular iK.ri

velocity is much larger than the parallel ion velocity which
dois in magnitude of the order of the ion zcoustic velocity

S( s I -f _Caledonta et al., 19871.
f ,VA v2Al The neutral densities (for water, oxygen, hydroxyl and

atomic hydrogen) are obtained as the solution of equations

fds .!2 Tfd ,F b" o f the form
VA VA a NN.

V(-t 
+ V (N,U.) = S. - L,. (38)

where tA, is the Alfven velocity of the :-th ion species. The where S,,,L, are the appropriate neutral source and loss

current carried by Alfvdn waves is represented by the first terms. Consistent with our low colisionality limit we take
terni in (32). As can be seen from the second term the the neutrals to be ballistic and therefore take the neutral
Aifvdn term is dominant for low collision frequencies while velocity as the initial velocity with which they enter the sys-
f,r higher collision frequencies the Pederson terms are dom- tern. For the oxygen and hydrogen this is the orbital speed
inant. The charge conservation equation can be seen to be in the negative x direction, i.e Uo ,,, K = -V1. This stream
Df the form of neutrals constitutes the neutral wind in the structure

V. ((V6)) = P., (33) frame of reference. For the water and hydroxyl we assume

soe that their velocity has a radial direction from the moving
structure with magnitude equal to the thermal speed, i.e.,

zi3 _.. The dielectric constant has the form UH2 o , oH = 2T,/me,.
fds-_

f 1+ f--Y (34)

The parallel interaction length to perform the parallel inte- 3 NUMERICAL ANALYSIS OF THE CLOUD EQUATIONS
gration over can be estimated as

CA The density and potential equations have been solved as
Ll c- 2 rrl,,d (35) in Gataonis [19871 and Hastings et al. 119881. We briefly

C1
review the procedure. The equations are solved for a 5 km

tie P, v, is the clouderadiusnthe perpendicular d ir eloc o by 5 km square region using a uniform 101 by 101 cartesian
and , This tereon pste distnca drifvlt oe mesh. The center of the comnputational domain wa fixed on

the structure which is assumed to be circular with a ralmus
L:i trivcl in the time the cloud takes to convect across a of 50 m. The magnetic field is in the z directi)n and the

i: ield line. If we use (35) in (34) we obtain the motional electric field is in the negative y direction (Figure
fieectric constant as 1). With N 1(.(xy),NH3 (. (zy) and N,, (z,y) given

1 (3 at some time we calculate the potential from (32) and use
vI that result to obtain the flow field velocities. Then that

For plisrmas with low neutral water density the collision fre- information is used in the ion density equations ((37)), to

q,'ercy is small and the drift velocity is of the order of the advance the densities by one time step. The neutral density
.rhitai speed. In this case, (c I and the electric field in the equations ((38)) were advanced in a similar manner.

piasina ie the motional electric field since the plasma does A successive point over relaxation (SPOR) scheme was
:art shciA but the field. Physically, the parallel electron cur- used to solve the elliptic current balance equation ((32)).
7ect -arr:ed by Alfvdn waves is so large that no significant Neumann boundary cornditions were applied in both the x
.t., ! car, r uild up in the plasma cloud to shield out the in- and y directi, ns. We required the potential to match the
p -Sed :ncti-nal electric field. For a plasma where neutral fdllowing boundary ccnditicns in the far field
water density is high, the collision frequency is large and the

irift vei: city is small. We find that ( --I I and so the elec- -_V,___

:r t ,ei A highly shielded. In this came the perpendicular C
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in the V. x B direction and H we assumed that To,. = 0.1 eV, since most of the colli-

sions will be between the ambient O + which is the domi-
V±¢ = 0 nant ion and the background neutrals 0 and 11. However,

for collisions between ionic oxygen and neutral water or the

in the direction of motion. The potential of the central hydroxyl radicals it was assumed that the relative energy
structure was taken to be 4 Volts which is consistent with was 5 eV. For the time scales that we are interested in, the
measurements taken from the Shuttle. A potential of this outgassing occurs at a constant rate giving rise to a spher-
order would arise from spacecraft-ionosphere sheath effects. ically expanding neutral water cloud. Hence the outgassed

For the convective equations ((37), (38)) we used the neutrals will always see a streaming O with energies al-

two-dimensional flux correction method (FCT) of Zaleaak most equal to the ram energy, i.e., 5 eV. We anticipate also

[19791. The high order scheme was a leapfrog-trapezoidal that the OH species upon their creation follow the water

with fluxes calculated with the flux formulae developed by neutrals and interact with the 0+ in a similar manner like

Zalesak [19841 while a donor-cell scheme was used for the H2 0.

lower scheme to complete the FCT algorithm. Symmet- We performed simulations assuming central neutral wa-

ric boundary conditions were applied on the density distri- ter density of log cm - 3 , 109 cm - 3 and 1010 cm - 3 for both

butions at the outer boundaries while solid wall boundary the limits of the parallel interaction length of 50 and 500

conditions on the interior. The flux limiter was applied on km. The lower limit of the parallel length corresponds to

every iteration. All simulations were run to a time of 0.2 a a 500 meter in radius cloud, moving with drift velocity of

(- 6 ion gyroperiods)at which time the cloud has moved a approximately 8 km/s in an environment where the Alfvin

significant way towards the edge of the computational grid. velocity is about 400 km/s. The upper limit of the paral-
lel length, taken to be 500 kin, is the distance along the

Symmetric Initial Conditions: An Outga.ssed Cloud lines of force from the cloud in low earth equatorial or-
bit down to the E-layer of the ionosphere; this is a sit-

We assumed that the water neutrals are outgassed ra- uation where the cloud should experience strong shielding

dially from the moving body with their thermal velocity, and, thus should drift with much slower than the orbital
Then their initial density can be written like velocities. Figures 2, 3 and 4 show results for the three

neutral densities and for the maximum parallel interaction

2 length of 500 km.
NHo(r) = NHo(r = 0) 1 ,Z) (39) The three cases shown in Figures 2-4 mark the transi-

tion from a practically unshielded cloud (Figure 2) to a
cloud with moderate shielding (Figure 3) to a cloud with

where r. = 50 m is the radius of the moving structure and substantial shielding (Figure 4). This behavior is depicted
r is the distance from its center. The central neutral water very clearly in the pictures of the potential. The potential
density was taken as a variable in the simulations, contours start from almost a flat distribution for the low

For the water ions we assumed that they follow an initial density neutral cloud to end in a highly shielded distribu-
distribution given by tion for the high density neutral water cloud case.

In Figure 2 where the central neutral water is 10 s cm - 3
the contaminant cloud drifts backward quickly. The front

N",o+ (r, t = 0) = side of the water ion cloud remains smooth while its back

[_\jj 21 develops fingerlike disturbances. New ionic water is formed
10

- 4 
+ NH,(,+ (r = 0) exp - (40) with " maximum of 1.39 x 103 cm - 3 at the wake of the

/ J mov. structure. The hydronium ions, initially flat, de-
velop a cloud-structure as well. Hydronium ion formation

The above formula represents a Gaussian distribution is predicted to be confined at the wake region of the mov-
falling off at a distance rL = 500 m on the top of a flat ing structure. The oxygen ion distribution completes the
distribution. The central water ion density was taken to be above picture, showing a depletion region which extends al-
, (r) = 103 cm - 3 . For the hydronium ions we assume most 2000 m behind the moving structure. This depletion is

an initial flat distribution with NH3,OI(r,t = 0) 10 -' confined at the region where charge exchange and recombi-
-m . The neutral ambient species were assumed to follow nation reactions are important, i.e., the region of new ionic

uniform distributions with No(r,t = 0) = 8 x 108 cm - 3 , formation.
N(r,t = 0) = 10 cm- 3 , and NoH(r,t =0)= 10- cm - 3 . In Figure 3 the central neutral water density is 0 cm - 3

For the ion temperatures needed in the potential equa- and shielding effects are important. In that case the cen-
tion we assumed that the outgaesed contaminant cloud is tral, dense region of the cloud is moving slower than the
at a temperature of 300' K, so that TH1O.+ = 0.025 eV and edges, producing a tadpole shaped formation. In the back

Tm,,)+ = 0.025 eV. For the oxygen ions however the tem- side of the cloud a steep gradient is formed, since the back
perature was that of the ambient LEO environment taken side moves more quicly and catches up with the slowly mov-
to be T,+ = 0.1 eV. ing center. The front side however elongates and the whole

The ion-neutral collision rates were calculated assuming cloud deforms into a "dumbbell" shape. The front side of
a hard-sphere collision model. For collisions between H 2 0* the moving cloud remains smooth while its back side devel-
.*r H30' and 0, H, OH or H 20 the ion temperature was ops finger like disturbances. Overall, there is a substantial
taken to be 0.025 eV. For collisions between 0' and 0 or formation of ionic water, with a maximum of 1.5 × 10' cm-
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Fig 2 Ion density contours and potential distribution in a plasma cloud with symmetric initial conditions and central neutral water
lenaity cfjQ 10 CM- at a time of 0 2 a after release The interaction parallel length is 500 km and the contaminant 1 20 + and
H130 'temperature is 0 025 eV (top-left)Water ion contours. Normalization is to the initial central value of 10 -3 cm - 3(top-right)
1{ydronium ion contours. Normalization is to the ambient value of 10' cm-' (bottom-left) Oxygen ion contours Normalization is
tc. the ambient value of 2 x 10 6 cm-3 (bottom-right) Potential djistrbution in volts as measured in the frame of the moving structure
which is 1-cated at (0.0) 1cm

an .- rder of magnitude increase to the initial central density, pile-up. The morpholo-gical picture of the cloud deforma-
The hydronium ion species develop a very similar 'dumb- tion presented here is very similar to what was predicted
bell" structure with a maximum at the wake, predicted to be .n previous work in the discussion of the behavior of dielec-
at 1.4 - 102 cm -3 . The oxygen ions deforms in a cloud struc- tric clouds jPerksvu .1 al., 19731. The potential figures show
ture f .rming a depletion region in the wake with a 'hole' the shielding behavior of the cloud to be confined at places
which levels off at 0.7 ix 105 cm-1. In the ram direction, where neutral density is high. A very important feature is
however, an "enhancment" is predicted due to the density shown in the wake region of the moving sitructure where the
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Fig 3 Ion density contours and potential distribution in a plasma cloud with symmetric initial conditions and central neutral water

density of 109 cm -3at a time of 0.2 seconds after release The interaction parallel length is 500 km and the ccontamninant 1120' 3r1--
11,0' temperature is 0.025 eV (top-left) Water ion contours Normalization is to the initial central value of 10 cm -3 (top-nght;
Hyronium ion contours Normalization is to the ambient value of 10' cm-' (bottom-left) Oxygen ion contcurs Normalization 19
to the ambient Value of 2 x 105 CM 3 

(hottom-right) Potential distribution in volts as measured in the frame of the moving itriucture
which is located at (0,0) km.

potential contours are shown to steepen in contrast with species. At high neutral density regions, collision frequen-
the ram region where they smoothly fall off to match the cies are large, the drift velocities are small and the electric
boundary conditions. This behavior of the potential is also field is shielded. However, in regions where collisicrn frne-

depicted in Figure 2 and Figure 4. The explanation lies in quencies are low currents due to ion density gradients act
the equation of the potential and the associated currents. In with the motional electric field and short-circuit the shield-
the wake the water neutral density is low, compared with ing currents. These regions in turn move very fast with

the ambient, while there is an excessive build-up of ionic large parallel o:urrents carried by Atfv~n waves. A sim~lar
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Fig 4 Ion -Jensity contours and potential distribution in a plasma cloud for symmetric initial conditions and central neutral water
jerisity f 10' cm- at a timeof 0 2sa after release The interaction parallel length is 500 km and the contamninant H 2 0+ and H 3 0*
t ento,uralt tre is 0 025 eV (top-left) Water ton contours Normalization is to initial central value of 103 CM- 3 (top-right) Ilydroniumn

_cirt, trs Normalization is to the ambient value of 10-' cm-' (bottom-left) Oxygen ion contours Normalization is to ambient
vilu f 2~10~ :M (bottom-nght) Potential distribution in volts as measured in the frame oif the moving structiir- whih is

'AeI at riq kmr

behaviv , ,, been ')bserved before in cases where the ion earlier etate of development. At 0.2 a the cloud just started
en.ywa;s larger than the ambient 'HjLiAInqa ef cd., 19871i. tio develop the 'dumubbell" shape. There is a substantial

Figure 4 represents a cloud with central neutral density f ,rxation of ionic water due to much longer residence time
-f 10'-i . The shielding effect is dominant at the re- -f oxygen ions with a maximum at 142 x 103 cm-'. The
gion -,f high neutral densities. The water ion cloud drifts fingerlike disturbances are just about to start forming in the
-;a zKwar1l rcre slowly than the previous cases. The overall central regions, due to the differential streaming of the ions.

tie-fthe cloud resembles that of the Figure 3 hut on an The hydronium ion also shows significant formation and a
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Fig. 5 Normalized line average H 2 0+ densities as function of the azimuthal angle for different neutral water densitie Normalization
is to the initial [O+1(0,t = 0) = 5 x 1010 cm

- 2 
1, Normalized [H 2 0+1 density at the time of release. A, Normalized ;H 2 0'1 density

at a time ofO.2 s after the release for an initial central neutral water density of I0 cm.
- 3 

B, Normalized [H20'1 density at a time of

0 2 s after the release for an initial central neutral water density of 10o cm
- 3

. C, Normalized [H 2 0O
] 
density at a time cf 0.2 s after

the release for an initial central neutral water density of 100i cm
- 3 

(left) The interaction parallel length s Lil = 50 km (right) The

interaction parallel length is LI, = 500 km.

cloud stucture. The maximum at the wake is 3.4x 10' cm - 3. density, the parallel interaction length and the iin temper-
There is also a large depletion of the ionic oxygen with a ature. For comparison of this information we calculated the
"hole" at 0.3 x 105 cm-. line average densities as measured from the center of the

The simulations in the case of an outgassed cloud were moving structure as function of the azimuthal angle. For a

performed to study the effects of the initial central water species s the line average density is defined as

Normalized line average H30+ densities Normalized line average H30+ densities
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Fig. 6 Normalized line averae V,30 + densities as function of the azimuthal angle for different neutral water densities Nirmahzati ,n

is to the initial 10"!(8,t 0) S5 w 101 rm 2 1, Normalized (H 30 
* , 

density at the time 4f release A. N,rmalized H l ()* density
,t a time of 0 2 s after the release for an initial central neutral water density of 10' cm - 13, Normalized IH3(0 ,enity at a t::;e -t

2 s after the release for an initial central neutral water density ,f 100 cm 3 C. Normahzed H.,() -,dn2nty at a time %f C, 2 s ,fter

the release for an initial central neutral water density ,f 10
'
" cm (left) The int,- ,L parallel length is L, - ,0 kn (rightl T1 e

interaction parallel length ts L., = 500 km
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Fig 7. Normalized line average 0+ densities as function of the azimuthal angle for different neutral water densities. Normalization
is to the initial [O+J(0,t = 0) = 5 x 10'0 cm - 2 . I, Normalized [O ] density at the time of release. A, Normalized [0+] density at a
time of 0 2 s after the release for an initial central neutral water density of 10' cm - 3. B, Normalized [0+] density at a time of 0.2
a after the release for an initial central neutral water density of 10 1 cm - 3. C, Normalized [0+) density at a time of 0.2 s after the
release for an initial central neutral water density of 1010 cm - 3 (left) The interaction parallel length is LI, = 50 km. (right) The
interaction parallel length is L11 = 500 km.

r ( The [0+[ densities initially and at time 0.2 s are shown
(t) N,..(1,O,t)dl (41) in Figures 7A and 7B, for interaction lengths of 50 and 500

kin, respectively. The 0+ depicts a depletion region ex-

actly where new ions are formed, that is, at the wake of the

where R is the radial distance taken to be 2.5 km and 8 is the moving structure. The depletion increases with increasing
azimuthal angle measured from the direction of the velocity neutral water density for both the parallel lengths. For the
vector counterclockwise. For all ions the line average density dense cloud with NHo(r = 0) = 1010 cm3 the depletion
at time 0.2 s after the release was normalized with that of extends throughout the structure while for the less dense
the 0,' at the time of the release. Using the definition of clouds it is confined between 8 = 1200 and 8 = 2400. For
the average and the initial conditions one can show that NHo(r = 0) = 1010 and LI, = 500 km the ratio of ionic
'0'I(8,t = 0) = 5 x 1010 cm-2. water to oxygen and the ratio of the hydronium ion to water

The J120*I densities are shown initially and at time 0.2 ion is - 0.1 at the wake , which is consistent with measure-
f,r LI, 50 km in Figure SA and for LI, = 500 km in ments indicated by Caledonia e al. [19871.

Figure 5B. For all the central water densities considered From the above results we can conclude that at low neu-
there is ionic water formation in the wake of the moving tral water densities (< 10' cm-3) there is no difference
body. For the NHO(r = 0) = 10' cm - 3 neutral cloud there in the ionic water formation between the two interaction
is no difference in the levels of ionic water between the two lengths. The potential field shows no effectively shielding
parallel lengths. The shielding is not important for the low- and the ions that are formed are 'trapped" in the mag-
density cloud. However, for high-density neutral clouds the netic field. For high neutral water densities (> 100 cm-3 ),
difference becomes more evident, since shielding slows down shielding occurs, especially for the large parallel interac-
the cloud, thus making the charge exchange reaction more tion lengths. These cases represent slow moving clouds
efficient in producing ionic water, where large parallel current build up at the edges of the

The H1fO " densities are stiown initially and at time 0.2 cloud, thus diminishing the motional electric field. The re-
f.r Lj = 50 km in Figure 6A and for LI, = 500 km in actions, then, basically charge exchange and recombination,

Figure 6B. In all cases there is production of hydronium build up mnre ionic seciee - 3eplete the ambien, ,aygen

ions. The levels of hydronium ions increxpe witd. 'he :.r,- ions. However, as our resulth ..dicate, the dominant factor
tral neutral deisity for both the interaction lengths. Again, which determines the shielding is not the parallel length but
as fr the water ions, the low-density case shows n: differ- the initial central neutral water density. In the high den-
ence between the two interaction lengths. For high neutra sity neutral clouds the currents due to collisions are large
densities however the large interaction length allows more enough to shield the motional electric field. In Figure 8
hydronium ion creation due to larger water ion residence it is shown the magnitude of the electric field for a cloud
tines, with N i,,)(r - 0) - 1010 cm - 3 and L -.- 500 kni, initially

',A I
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NORMALIZED MAGNITUDE OF ELECTRIC FIELD time of 0.2 9, however, the symmetry of the electric field

INC= 0.10 in the motional direction no longer holds, a direct result of

Y(km) the evolution of the cloud; the increase in the magnitude of

1.333 the field occurs at the wake of the body, and, as we already
speculated, this may be attributed to the high icn density
region which is located at the wake. In general the electric

0.667 field disturbances are shown to be both highly localized, as
anticipated from Shawhan et al. [19841, and time dependent.
Finally , all cases show fingerlike deformations located in the

0.000 backside of the drifting clouds in agreement with previous

theoretical and experimental data. These disturbances may
be attributed to E x B instabilities.

-0-667 To study the effect of ion temperature, we performed
simulations using the same set of initial conditions as the

-1.333 above but with with a higher ion temperature (T, = 0.1
eV).

In Figure 9 the line average densities for water ion and

-2.0001 . hydronium ion are shown for two simulations with different
-2.000 -1.333 -0.667 0.000 0,667 1.333 2.000 ion temperatures but with NH2 o(r = 0) = 100 cm - 3 

and

X(km) LII = 500 km. The [H2 O +J are shown to be identical, while

NORMALIZED MAGNITUDE OF ELECTRIC FIELD [H30+ shows a slight increase with increasing ion tempera-

2000 ture. The line average densities for oxygen ion were identical
Y (km) INC= 0.100 =Ti-o.2 for the two cases. The magnitude of the higher ion tem-

perature was chosen to be consistent with the temperature

1.333 1.0 expected in a thruster firing. The weak dependence on the

Normalized line average ion densities

10-1

0 10"2

-0.667 1 -
0-4

-1,333 , 10-
5

0 10"6 -6- IA
- IB

-2000- - o-7 -46- A
-2000 -1.333 -0.667 0.000 0.667 1.333 2.000 0- B

X(km) 10.8 -A
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Fig 8. Magnitude of the electric field as measured in the moving 10" 1
frame initial (top) and at a time of 0.2 a after the release (bot-
tom) The initial conditions are symmetric with central neutral 10 " 10
water density of 10 10 cm - 3 , the interaction length is 500 km 0 60 120 180 240 300
and the contaminant H20+ and H3 0 + 

temperature is 0.025 eV. Theta (dog)
N(irmalization is to the motional electric field of 0 279 V/in.

Fig. 9. Normalized line average 112 0+ and H3O' densities as
function of the azimuthal angle for different ion temperatures

Normalization is to the initial [0+](8, t = 0) = S - 10l11 cm
- 2

and at a time of 0.2 a after the release. The magnitude The initial conditions are symmetric with central neutral water

of the electric field has been normalized with that of the density of 100 cm - 3 
and the interaction length ts 50 km IA.

motional taken to be IEm1 - 0.28 Vim. Shawhan et al. Normalized [H2Oj densities at the time ,f release IB, Nor-

[19841 from measurements on STS-3 anticipated reductions malized lH3
+Ol densities at the time of release A, Norrnalited

on the potential of the order of the motional. Furthermore, IH2O+l densities at a time of 0.2 a after the release The contam-

Kaz e al. j19841 showed that the ions near the vicinity of inant H3O
+ and H 3 O temperature is 0025 eV B. Normalized

the space shuttle could be almost stationary with respect to (14s0+1 densities at a time of 0 2 s after the release The con-

the moving shutte. Aousd Fe 8most shon wth le sict l tamimnant H 3O
- 

and H30 + 
temperature is 0 025 eV AA, Nor-the moving frame. As Figure 8 shows, the electric field is malized [H 20+]1 densities at a time of 0 2 s after the release The

strongly diminished in the near space of the body. Initially, contaminant H2 0 + 
and H30 + 

temperature is 0 1 eV B3 Nor-
the shielding is symmetric in both directions, a direct result malized !H O+ densities at a time of 0 2 s after the release The

of the symmetry of the initial ion-neutral distributions. At contaminant Hi2O + and HO' temperature is 0 1 eV
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ion temperature occurs because in the potential equation H 2 0 NORMALIZED DENSITY DISTRIB'TI('J

the diffusion terms (which contain the temperature) are al- 1.000 I

ways subdominant for the ion density ranges explored. The Y(km) MAX=I.OE+-
MIN=I0E- 13

electric field is primarily determined as the V. x B field NORM=IOE+Q

with a modification due to the dielectric shielding. For ion 0,667 A,
densities higher than the ambient the behavior is different
and is illustrated by Hastings et ad. [1988]. The other major 0,333
effect of the ion temperature is on the collision frequencies.

However for the density ranges considered the dominant col-
lision frequency is that due to oxygen atoms colliding with 0.000
ions. The relative velocity in this collision frequency is de-
termined by the orbital velocity of the oxygen which is only
very weakly dependent on the ion temperature. However, -0333
we must state that the conclusions about the temperature
are limited from the range of temperatures considered. The
newly created ions within the plasma cloud could have tem- -0.667
peratures much higher than 0.1 eV. The possible tempera-
ture for the H 2 0+ produced in the charge exchange reaction
is possibly leV or more. There are large source terms in the -1.000

ion energy equation as a result of the large differential mo- -1.000 -0.667 -0.333 0.000 0 333 0.667 1,000

tion of the reactants but this consideration is beyond the X(km)
limits of the isothermal model assumed in this study. Fig. 10. Asymmetric (ellipsoidal) initial conditions for a cen-

tral water density of 100 cm - 3 at initial time and for a parallel
interaction length of 50 km. Ion temperature is 0.1 eV

.4'ymmetric Initial Conditions: A Thruster Cloud

In order to simulate a directed contaminant release, such in the wake of the moving body, while the potential con-
that could result from a thruster firing we chose asymmetric tours shows the shielding and the assymetry. The rotation
it aticl corditions for the water ions and water neutrals. The of the cloud is confirmed from Figure 1 where we show
neutral water was modeled as the line averages for the ions at 0.2 seconds as compared

to the initial line averages. The oxygen ion density is seen
to undergo a slight reduction behind the body. The water
ion density increases by about an order of magnitude from

. Oex _ __ (-, 2] its initial value and shows a broad peak mainly behind the
(r (42) body. The hydronium ion density also shows asymmetry

behind the body with the line averaged density having two

asymmetric peaks at - 1800 and - 210' . This asymmetry
is due to the nonlinear coupling of the density and potential

where z" and Y' are the coordinates in the rotated frame, fields and suggests that the initial conditions for a water re-
z,* s the decay distance in the z' direction and yZ in lease are very important to understanding the subsequent
-he y' direction. The decay distances were chosen so that evolution of the water plasma cloud. This also suggests

ISO tr in the positive z*, while zE = 450 m in theneg- that mass spectrometer measurements taken from a space-

ativw z .-irection. The yE = 150 in in the y* direction. The craft such -Ls the shuttle will see a substantial dependence
initial prcfile described by the above is an asymmetric ellip- on the look angle relative to the ram direction. Of course
soidal distribution on the top of a flat profile and is shown one reason for such a dependence is that the collection of
in Figure 10. The central water was taken to be 100 cm - 3 . ions is mich more efficient in the ram direction than in other
The water ions were following a similar distribution with directions due to the fact that ions from the ram direction
a central density of 103 cm - 3. The ion temperature was can directly enter the instrument. Here we point out that
taken at 0.1 eV, which is consistent with what is expected another reasun is the existence of nonlinear distortion of the
in a thruster firing and the parallel interaction length was plasma density contours which is a strong function cf angle.
SO kn. From Figure 12 we see that typically there is a factor of 2

In Figure 11 we show the normalized density distribu- to 5 between the line averaged densities for angles less than
tir:ns rf iorlic water, hydronium and oxygen ions at time of s and for angles greater than 7r.
0.2 s after the release. The ion density peak has rotated due
to the E - 13 motion of the ions. In addition, both densitxe,
-h,,w - .nslierable asymmetry, while hydronium ion ha'k tsr.,-
ken up inte two discernible cloud structures. The ion clouds , SUMMARY AND (iONCI.TSIONS

Irift t;ackward and remain smioth in their fr,,nt Fides with
nst:t.i;itieg developing in the back side. In the same figure A model has been developed fr the motion of contani-
it a time f 6 2 s the oxygen Ion cont-urs depict a depletion nant water plasma clouds about large space structures. The

6,2
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Fig I11 Ion density contours and potential in a plasma cloud for assymetric ellipsoidal initial conditions and central neutral water
density of 100 cm-' at a time of 0 2 a after release. The interaction parallel length is 50 km and the ion temperature is 0) 1 eV
(topi-left) Water ion density contours. Normalization is to the initial central value of 103 cm- 3  (top-nght) Hydronium density
contours. Normalization is to the ambient value of 10' cm-3 (bottom-left) Oxygen ion contours. Normalization is to ambient
value of 2 x 105 CM-3 (bottom-right) Potential distribution in volts as measu ed in the frame of the moving structure which is

located at (0, 0) kmn

model includes emission of AlIfven waves from the cloud to Idl interaction length, neutral density, ion temperature and
carry current along the magnetic field. The ions exhibit initial conditions. We conciude that for low density neutral
E x B drifts which is determined by the current balance water clouds (!< 10' cm-') the amoiunt of shielding is small
within the plasma cloud. A parallel interaction length scale and the electric field is the motional. In this case the cloud
is derived which represents the c~iupfing of the cloud with drifts with almost the orbital speed in the structure refer-
the ionosphere via parallel currents carried by the A~fv~n ence frame. However, for neutral water densities cf interest
waves emitted by the moving cloud. The cloud equations for shuttle conditions (-, 1 0 i" cm--) shielding is very signif.
have been studied systematically as a function of the paral- icant in the vicinity of the moving structure and is predicto
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A THREE-DIMENSIONAL MODEL FOR AN ARTIFICIAL PlASMA
CLOUD ABOUT A SPACECRAFT IN LOW EARTH ORBI1T

.4.
Nikolaos A. Gatsonis* and Daniel F. Hastings'

Department of Aeronautics and Astronautic

Masaachuietts Inst. of Technology,, Carnindge, MfA 0e139

We de.'eloped a fuly three-dimensional1 model for an artificial plasma cloud in the ionosphere. Such
a cloud could be a. result of a. deLlberate release or contamination about a spacecraft. We took into
account finite perpendicular and parallel lengths, all elastic collisions between the considered species,
finite temperature effects, variable ionospheric densities, variable neutral winds, ambient electric
fields and gravity. The velocities of the charged species were written with the use of transport
coetficient tensors. We derived an equation for the self-consisted perturbation potential due to the
plasma perturbation which is a three-dimensional, non-self ajoint elliptic type of equation with very
dissimilar coefficients. The current balance equation was solved numerically in order to obtain the
perturbation potential at the time of the release. We examined the effects of the central density rf
the ions and the dimensions of the cloud. The perturbation potential increases with increasing ocn
density. With densities of 1015 m-

3 the cloud shields out the motional electric field. Ion clouds
with smaller dimensions result in weaker electric field perturbations. In all cases, the magnetic
field lines are not equipotential lines within a region bounded by the density perturbation. The
perturbation along the mag-netic field lines is stronger for the case of denser and larger clouds.
The effect of the presence of neutral was also investigated through the use of a gaussian neutral
cloud. The perturbation potential is stronger when neutrals are present. Due to the screening --f
the motional electric field the cloud is expected to drift with differential speeds which will res~it ;n
finger-like shaping.

In this study we will focus our attention to the plasma

Iutroduction cloud which surrounds a space vehicle in Low Earth OrbL
(LEO). Ho..stngs et al. 19881, Gataoniz3,1987 Eccle3, ea3
[1988 j,Hafstings and Gatsonis [1C,89'. The schematic -4 the

The presence of a moving body in the ionosphere repre- process that we study is as follows: we cor,8ider a vehicle in
3enits a disturbance in the ambient environment. The Space LEO which creates a neutral cloud around 'it. The neutrai
Shuttle Orbiter (SSO) flights provided clear evidence (:f the clouid expands while undergoing chemical reactions which
severe riteractions between a space vehicle and the am produce ions. The motion and compositioni of this plasma
bient i.osphere. Carignan and MYiller [19831, Shawohan ri cloud is then a result of complicated chemical and electrody.
-Li l1941, Pi'cket ef al.!1985[ Murphy, at a186.Ca~edonta namical processes. -he schemnatic that we consider is quite
et ,J. 198V. general and thus can be applied to processes :Ike outgassing

The tud r~ftheindced nvionmet aouta spce ehi or a thruster firing. It can algo be applied to ano-ther class
T h e stu d imfpth e n u e n i ~et ab o u ad! g sp a cet . fei- e v e n ts . th cse , f io n c lo u d e x i p r imo e nt . T .!, o

;i e which is expected to remain in space for a ; ri anatica hish std spe b~lnaeor pana ode fdo- t.' motere

,,o. , .kethe proposed space station, it is irup, rtir~t to 'Ianrtfclhihsedpsminte

itJthe characteristics of the induced environr ert
tbe able to model this environment fo-r "Ta A S-Dirnensional Model for an Ion-Neutral (loud

A,_1 t,,s, prediction of surface degradation and !ipace- In the Ionosphere
rI .igig, c:ontrol of electrostatic noise and ticl w,

e4,;:; t- theimpct n te ino~pereand he cal. f In the present model we assume that there -ire two neutral
i,41 irt>ince that it represents. and two ;n -species; ifo:r the ejectrd nieutra~s and a frr

R Iszrh As.. a~t. t. M-0, If A IA A the ainuien t iunospheric %eutrats. si i lr~ :v, 5 esi~nates
Ae i . e P rof.,sor. Mrrrit~r A IA A the contamninanit io-ns and a ± the ambnwrt ne mpai

The J 0 Oov-ttntmen.t IS allt'sorizi ,, iO,i), o1. . .~~I[ t".. D t
Pe,- ',IJn for furthesr reorrcctr, ... -te S 1 "st ic ,ta .... I r'or

!M Pyrigt o-eer.



wi~l be given on water neutrals and water ions since those Continuity and Momentum Equations

two species have been identified as the major contaminants

about Large space structures. There are subsequently two Assume that the plasma cloud consists of contauii. %t

neutral winds which are taken into account. The ambient ions with density n.+ and velocity V,. T!, - .

rneutral wind, U. and the contaminant neutral wind, f.. ambient ions is n.+ and their velocity is V,. Eluctronp a,,.

shown with a density n. and velocity V.. The rontini Jt
We adopted a simple chemistry model. The ejected neu- equation for any species t = a-, a', e is

trals interact with the ambient stream in ions via charge

exchange reaction to form ions and produce neutraLs. The On,

charge exchange reaction is at

The terms on the r.h.s of the continuity equation come irr.-
St --- a + a (1) the production or loss of the species due to chemi, .l r,-%c

tions are

Th.e expansion of the neutral gas in a rarefied environment Po+ L,. = -, ,k'n.

., L,,v itself a very difficult analytical and computational k"n, L. o
P-.lem. One expects the neutral cloud to pass through

,o :s flow regimes and be highly dependent upon the con- P= 0 L= 0

,:itions of its release. Initially we will use simple spherically n the momentum balance we take into account electric

expanding neutral clouds. This will enable us to develop fields, pressure forces , gravity and elastic collisions. As-

and validate the ion cloud model. suming that the time scales of interest are much larger than

collision times the unsteady term can be neglected. This as-

sumption restricts the analysis to the low frequencies. The

Fluid Model for the Plasma Motion inertia term VVV7 can be neglected as long as the thermal

velocity is much greater than the drift velocity. The mo-

Coordinate System mentum equations can be written in the following form

F - q (, _ B) - + 9. + , )(4)

Given the latitude of the release of the neutral cloud rn, M,

we cot-stract an orthogonal coordinate system, the fixed to
X where the force for the species t is

_ Y A q,] + miv,.. + m,wt.0- +- m,.,,17,

a V Pt
. _ -P +m,j ()

Here m, is the mass of the species, E is the electric field,
eQUAtoP i,, is the collision frequency for momentum transfer, P, isf th presureand is the gravitational acceleration. The

ambient neutral wind is denoted by V. while the neutral

wind from the ejected neutrals is V..

y. The momentum equations written in this form allows as
a - M irN Pu to define the total collision frequency for momentum trans-

a*s . fer due to elastic collisions for any of the plasma epecies

Flgi.re i Fixed tD ea.rtr coordinate system )l,l},.N) ani the as

fEed a 8iR:eu systero X.Y'Z)

eact:, e so J ;-z.-ure 1) in that system the t points to the L1, L.. V. . . . -- L

ea-st, .' p mrs t:, the north and 11 refers to the altitude. V, = .. -',. +u . (61

T". . r;: g the spat;:1 variability 0f the : I -t
ent ,.. pherLc parameters. The coordinate system whi, n

. it.: .e f r an alyticai purposes is the field aligned Bysteilt

(;i.en the latitude and altitude of the release this system

ai ;ts rigin at the point ,f the release and is orthcgonal. We have shown that the moIentum equatin !,r iny

The i ,x.m .3 paradel t-o the local magnetc fEeid Lne, th, e species can be written in the form

ax;Al 1. para e. t , the F direction and the ± directi r, ts the F

t- -, t, the i and ' ;Irectvns WV -l e 1t - (7;
m~ m
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Hlere, V is the velocity, m 'is the mass, q is the charge, w is Dp 1 1,
the total collision frequency and P is the force. Take now

a coordinate system with its i axis aligned to the magnetic ... D. D:e j .i : ., J
tield directLion 1J. For any vector A we can write A = V- -V1/

With the use of vector identities we can obtain the velocity W.,r -W:' H

components W., W H

= + - L -1. qB 1Ir qB1I + 0. -*r o. IH

v,1 = - (s) W I. IuI
LLIH 'PJL J

where f2 is the gyrofrequency defined as 0 = qB/m and K = Fr -1H .1
I, is the ratio of the gyrofrequency to the total collision + (1
frequency. 03H 3 L

The diffusion coefficients of ions a- asociated with density

%lotion on the Perpendicular Pane gradients of a' are

Electron Perpendicular Flow D: I - M. M, . .. k.,p ( 2. )
-k.,r [kT.. ,,/c-

For the perpendicular component of the electron velocity D = .i.,

we ca;, write * H.P k"- -i[kV.. / ,, ,
. = P... + k x (9) - x (1(9

T! 's expression can be further simplified by examining the The denominator C. is given by

magn;tude of the collisionality ratio for electrons at alti- 2 = 2 r

tode's (etween 150 - 6(00 km. For both the ambient .,nd

the ! tii conditions the collisionality ratio is very large i.e 2m 114)

x, p I. The Pedersen term in the perpendicular electron

veic/ty can be neglected since it will be much smaller than The diffusion coetficients of ions a s ociated wit nen.".,

the Hall term. Furthermore since we expect that for both gradients of s are

ambient and cloud conditions [I . 1 we can neglect aut1i H : l •, . '1 2

the contribution from the ion and neutral collisions as well D... -rn m.. M * .. (L2 r W,)

,s r rn gravity so that the velocity can be written finally (k , - k, ) - mn. w.. (k k

V, E
V,, D. , 0k, EC

D 'm. D r ° . T he dif usion c etticien ts of i n !; ei* ' s,c iated w it h, e s~ '

. r n i .gradients )f *ectrrns are

w1 .re ti' . s the electron all mouility (inl

- is the H lal terectron !J rk. W .

q .T. .-1-
, , ic r nn de'sow gradients ( m ' Is). . k.,. v, - 1,/. - r, k. r] )(17

77, :;utc~ J the syptemn 4, the ion momenturi "'tI,
:.: ., t,,,e ;-,n vplocitieR. After m,)me mnanipuiati P , : [.H { n ' n ' ' ' ' . . v ' - r

; r ,:: - ai.r ve ,city .'f the rnisV,. whiere k * s n-n . n . , o ( , ;k .¢ - . , r

Pe '. 7' r .7; the f-rM - r v , . . v (k . r k .  ){ " .
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The diffusion coefficients of ions a associated with den- Finally the following relationships hoid between the :.ffl.

sity graoJients of s' are sion coefficients and the coe!!c'ente fr gr ,'

- ' MT rn
,k2 .. )3 p D p ' D , -  - D)r 1,1

D +H Tn+., .k M ../ C (19) = D . , , .

-. , 1jkT../CL (20)
Parallel Plasma Motion

The diffusion coefficients of ions a' associated with density

gradients of a+ are The parallel velocity for any species t s given in the im-

=rnm+m .. , ,, ( M,) plicit solution of the momentum equation in the form

2 kn 1,, .. (k. H,+m - k.+ , = - (33)~~.H) - - - Me V,
(kT..) /C. (21) From the parallel momentun equations we can write the

solution for the parallel velocity of a species t a, ', e in
, = .-m1. V... (ko.+ k. ,, H k,+ pk.+ H)l the form

(kTo.+) ,C.L (22) Vit = 'll- D 1V 1i DoV n, nD' ,

The diffusion coefficients of ions a+ associated with density n.. n. +n

gradients of electrons are +W- 1 U., - ,3. "34)

+ { % mH H) The parallel diffusion coefficients of ambient ions due to
density gradients of a' + and eareMn.+ rn,+ v,+.+v.- (k. pka., H rk,. H I

. _ v,v,. v.,,*., kT,.

'n. .C" kH (23) C .n• m.*v .,k,* l -B 1 1  m2 .B"a .a .,,k.) I- 
v V,.,., kT.

D•_ n-m + k+ D:11 l'+v+ + 'v' ', k

-,n,,rn,+,/..v. +, (k.+fk..H - k,+rk.-r) D: = CH12 2 k.2
k..) (k.r . ) The denominator C1 is given by

/CI (24) Cq V .+V + V~', V .++ - V. + . .4-r.U.,,pkB I +Pc' q".I (36)

A carefull examination of the obtained transport coefficients

reveals very important and simple relations among them. The parallel diffusion coefficients of the contaminant -on,

First, a generalized Eiritenm relation holds between the mo- die to density gradients in ambient, contaminant and eiec-

biiity and the diffusion coefficients trons are

q .. D +1 L/"/+'+ + ' kT +

='- D'., qo - D + p D - p- (25) +o11 C
kT. . kT, Cl M.

D,' , q + D , -I-'- 'D+[ - v,.+ v,+, kT,.
kTkT. MT. Ct1 M.

The 3ma, ent 7.eutrai wind transport coe.fficients relate with D, 7 .-* W. . . - . .v,,. MT,

the dff Cct fficientA as f:lows C. r.

+'. .. "T, c'* m (27) The ; arauei iiffusion coefficients of the electrons due to

" ' 19' D ,.m' D(' lm''en ity gradiens .in mbient and o ntam inant r - ,
kT.. it T. +elect, r,is: are

.x s "1iJ between the c ntaninant nej- I) . , .,. .

. nj :rarp, rt ccerfcients and the (liffusi-)n c,,efficients C(, rn.,

M. + W, + D.. (29) V'. I - k T +
T .,. m+ ,

,T* M. .. kT.

kT~'. k T C



As in the case of the perpendiculax transport coefficients. Here, we have defined the total direct conductivities mi the

sirupie relations hold between the paralel transport coeffi- Pedersi;n, [fall and parallel directions, taK innt, ic-,,unt

cients as well. A generalized Eirstesn relation holds between all the plasma species. They are give by

the parallel mobility and the parallel diffusion coefficients
arp ap 0 1'

q' + Dn+ 11 n q'+ D' q- (39) - + .

Uk + U. +-kT. -H H 45

Also, the following relation holds between the diffusion co-

efficient and the ambient and contaminant neutral wind co- Note also that there is no electron current lenst: , the

efficients Pedersen direction, since we assumed that electrcn. mainly

M .+/ M, mV-4  exhibit drifts in the Hal direction.W.' = D' ! mr .var G , .+. D eel ..
kT. ' T T T , The total diffusion current density due t; gradients of

- ~ ms,. 4+, l *..'... _Dtoy_,_

=D'+1 M T,. -- D kTII , ,i, v (40) species t = , ,',e is given by

Finally, the diffusion coefficients and the gravitaional drift d ..!  D,r -DH 0

coefficient relate as follows .d7f 1 - Di D,p 0 " (46)

D. +' D., "+ + D,,, (41) 0, o Dn, 22a
D kT.- '. , . ,-. .U,

where the total diffusion coefficient tensor due to i,:ns * is

Electric Currents D.. Dr =' - ,D',
Pill+n, ,~l ra

The current balance within the plasma cloud is the key to D, p= n D D:, - D.'
the eiectrodynamical interactions taking place. The current n n.,

clbsure between the plasma cloud and the ambient lono- D'+ = ' D,' - D - : . (47

sphere will determine the seLf-consistent potential of the

cloud and consequently will determine the dynamical be-

havior and evolution of the cloud. An a first approach to The total diffusion coefficient tensor due to ions a-

the problem we will not include polarization and Alfven cur- D. ' = D.. + n- D-
rents in the model. The current balance in this model will n.+ n.,.

determined by direct currents , diamagnetic (or diffusion) D. p ' D:. , - 2 D.-

currents, currents due to both ambient and neutral winds n,. n.,

and naily currents due gravitational drifts. D . - D + D . D_ (4)

The current is given by direct substitution of the velocities

,f the piasma species Eqs. (11, 10,7?) into the definition of The total diffusion coefficient tensor due to electr-ns
the current density. D

D'p = P D,, -- D,pr

n. q .q..V.,n,+q.+V.. + n,q,.. (42) n1.

Dr = n. D n D, - -D

Ve ,:: write f)r the total current density n, n, n,

n" (49)D,. * D:t-J , _ .tD,. D=, -,D, g
/ '"j" j" ,' -z?".Jr"+ P"" (43) n, n."n

The current density due to the contaminant (sourcel neutral
w!., r,.e .a, e taken into account the direct current, the wind is

I ,urrent due to density gradients of the source ions,

tL !::': ent ns, the electrons and the current due to the ) W.P -Wi'. H 0 U..
7., = - W. W,, 0 U-., s'

tat 7 ~ ' Pid, . . H .
T ' e : ;re , t to ta l c u rre n t d e n s ity om g iv e n b y , "0, IV .P

0 1.

Orr -an 0 E. where

E, w . .W: ,.j L 0 " El, P n .1~l:

'441 W .. W: .W -n..lW. W

69



The current density due to the ambient neutral wind i s
Height 90 km 160 km 1uO km 5(,0 k:o

J..; W.P -W.ff 0 U.. 1
n 1.5 x 1  3 x 10"' 5 10 

a  
2*l.

= W.H W.P 0 U., (52) alp 6.4 x 10-6 6.8 x 10 -  5 x10 '

,""0 0 W,,d U.'I CH 06.8 x 10 - 6 2.7 x 10 0

where El 2.8 x 10 - 2 9.5 x 10-1 17.9 5.7 102

W.p = n., W: + n.. W. .

W.H = n.+W:H - n.+W. Table 1: Ambient conductivities (in S/M) calculated from

S + * n. (5) Haerendel ef. at

P-'..a,.1y, the total current density due to gravitational drifts potential 0 It is important to recast the above equat.Io :It

Is form of a steady-state advection-diffusion equation for the
potential 0 as follows

a 4, 0' a (a a) a (8,\
3 Z. O~p 0 9 5) Va

ay aa az 3 acHZ/,°0 0 0.11 91, 3a. ali 30'H 0

y 3z az 3y

Equation for the Current Balance - 7 E. a - E, - " E

We need now to derive an equation for the potential + (p + 2E,, 2E. _53O

within the plasma cloud . We make here the assumption ox \ y oz -z

that the plasma is quasineutral, that io,
where, 4 = ± E+.,. From inspection we see that all the

-+.q.. +n.+q. = n~q, (55) terms which are not 0 dependent can be regarded as source

terms. Note also that it is only the direct ( conductive) cur-

Thiedawsumptionlenptiescthatthe iebyrelengthsis smallsum- rent which depends on the potential. Thus, we can consider

pared with the length scales of interest. Also, we assume the divergence of all the other current densities as touTre

that the electric fields are electrostatic, that is E -Ve, terms, iri an non-sell ajoint elliptic equation for the poten-

where € is a scalar potential. This in turn implies that tial. This car. be written as

a B/at = 0 which means that the self-consistent plasma

currents produce negligible variations in the magnetic field - a (a 4 - a (a
B. Charge conservation then implies V ax +x ay ay 3 l az

(56) a + S = 0 (60)
(9y az ax ay

In the analysis before we denoted by E the self-consistent

electr;c field. We take now the electric field to be where PO'H,c'z and S are functions of z, y, z.

Yz, Z) ECurrent closure - Boundary Condithinm.

Here A . s the ambient self-consistent electric fieid, t-is the

self-consistent potential due to the presence of the plasma To solve the equation for the potential one must supply

perturbation and E_ a the motional electric field used to appropriate boundary conditions. In turns ,n,. needs t,-

account fo)r any -hange of reference frame that we might discuss a current closure model . In the beginning we wi,;

ccr, s,der The equation for charge conservation is now describe :L clo.sure model which s applicale to the higii :.Lt.

tude o,,'nrepher outside of the equatorial region. The density
,jf V ./ *V fP' -r V J.'7 + V . distribution of the ambient ionosphere is shown in Figure 2.

-v J '" 4- V j' + V 0 (58) The conductivities calculated from our model are shown in
Figure 3. For comparison we calculated conductivities

If we assume that the electric fields are electrostatic then based on the formulas and the ambient conditions given in

the pert. rtati,.n potential is o such that i-= -V? . We will Haerendel i al.[19671 We can see that the conductivities

concentrate 'n the divergence of the direct current, since ths derived from ',ur model compare well with those presented

.s the term wrich wil give the differential dependence of the in Table 1, the differences are due to the adopted model
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hu respective~ly.

For the disturbed ionosphere we assume that at the upper

I 1 and lower boundaries the dux will be mainly in the longitu-
dinal direction, and that the electron flux will be equal to

.I the ambient ion flux.r11-t r0 . = L6)

. ] sIf we substitude for the flux from equations (11, 10,34) we

0+ can write
'"'''\ ''.+1) a z D .an,.

Z \ -o',tl - = -e(D . - DI{j- - (62)

But from the definition of the electric field it will be

S4(Z , z)=, + ,(Z , z) (63)

, ...... ..... In the undisturbed ionosphere the equality of longitudinal
fluxes holds as well so that after manipulating the above

Figure 2: The ambient ionospheric densities (m - 3) equations one gets

CIO =o z = hL,hU (64)

\ In other words, we impose the condition that no current will
flow peprendicular to the bounding insulators. However, for
the equatorial regions the closure occurs between the two
conjugate E-regions of the ionosphere and the magnetic
field lines which cross the perturbation do not neccecerely

(7 pass through the magnetosphere; a closure model appliaca-
.. ble to this case is under development.

-V. For the tranverse direction we require that

... all os Z)''. . =  0 (Z'.Y) - 00 (65)

Nunerical Solution of the potential

S-~ i The equation for the potential (60) is a non-self adjoint

. elliptic equation, three dimensional, with highly dissimilar
coefficients. It is this inherent difficulty that prohibited the

solution of the fully three- dimensional problem in the past,
Figure 3: The ambient ionospheric conductivities (in Sin) and resulted in the well known two- dimensional theories.

The difficulties can be revealed further if one recasts the
potential equation in the form of a steady-state adivection

ion~spi-,ere and the models for collision frequencies. From diffusion equation. From a physical and consequently nu-
Figure 3 it is shown that that the maximum of the tranverse merical point of view one has to deal with time scales wich
conductivities occurs at - 180 km. Above and bellow that are very disimilar, in the the tranverse ard parallel direc-
altitude both Pedersen and Hall conductivities decrease in tions. One more source of difficulty lies in the Neumtan
tnagnitude significantly. The parallel conductivity increaeies condition which i applied in the parallel direction, which
with altitude and is between S and 12 orders higher than is the direction of the highest conductivity, thus making
the tranverse conductivities. In high latitudes the magnetic convergence very difficult to achieve.
fieiJ lines will go through the magnetosphere before reaching
the conjugate ionosphere. Thus, one can consider that the
upper F-region to be a noncunducting boundary since in ef- Discrete Potential Equation

fect is cotlisionless. The lower E-region can be also regarded
a.s ,n insulator. Given that, one can bound the ionospheric We descritized the potential equation -n a rectangular
pla=a between two insulators iocated at heights hL and grid with Az ,Ay and Az being the grid sizes in the z, y and
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Z;rections respectively. In the discrete space the indices I. A, I
, ;, refer to the computational coordinates, aligned with AZ Az
the z. y and z directions and such that z, = iAz, yj = )Ay

ano zi = kAz. For a grid point (s, j, k) as shown in Figure where S.,.,k is the descrete source term obtained t .r,.,gL

'4) the following finite difference operator was used the finite difference of all the source terms in the potentiz.;

equation. If we work on a grid with nz, ny and nz grid
U 1  points in the z, y and z direction respectively, applying the

Zi above discretization in all the interior grid points we end up
N with a matrix equation of the form

1 9 t, 11KA,.i (0,} = (S,}

The subscript p refers to a natural ordering which orders

W X x E the three dimensional array into a one dimensional vectzr
U= given by the transformation

S-,,( / 

O 

,,kPl,,

p = (k - 2)(nz - 2)(nz - 2) + (j - 2)(nx -2 ) + (i - 1) (70)

1.1- Ik Consequently i and m of the two-dimensional array denotes
the row and column destination of the elements envolved

L in the finite difference equation at each grid point. The
matrix fAI,,. is an N x N sparse, where N = (nz - 2) x

Figure 4: Grid geometry (ny - 2) x (nz - 2), with only seven nonzero elements in

each row. In order to make the problem computationaly

a AF\ A,,. . J(F+,.. - F.) tractable we developed a special storage system. We denote
- as the East,West,North and South grid points as shown in

A3Z ~F ,.Z -2 ~Figure 4. Then for each grid point i,), k we store the seven
A, F(66) nonzero 'omponents along with the pointer denoting the

column destination in the uncompressed array At,,. In do-

Botn A and F are functions of z, y, z. The quantities at the ing so the matrix is compressed into an N x 7 matrix result-

inter'aces of a cell is defined a ing thus in O(N) saving in storage requirements. Solution

A. then of the matrix equation was obtained by a conjugate
,. A,..i .+A (67) gradient algorithm, after applying suitable preconditioning

2 on the original matrix.

Sim;iar .Dperators applied in the .and k directions. Using

the above and expanding in all three directions the finite
difference equation for the potential , at the grid point The unperturbed electric flelds
ij, k cian be written as

To obtain the equilibrium electric fields we solve equation
N (68). The problem is to find the potential 1, such that the

Az: 2Nz ambient density distribution is in steady state. An approx-
imation to the unperturbed electric field can be obtained

•P i by assuming steady state ion and electron continuity equa-

,-.., - , tions. W ith the absence of source and sink terms for the
-zJ 2Az ions and the electrons it is required that

V (. ). V- 0

If we neglect the ambient neutral wind and gravity and un-
, .At j der the assumption that there is no shear in the perpendic-

ular electric field, the above relation becomes
,x -V r, o .+ E -. : :, +

11i& F - Ell.) [. (I): D: ,, '

1 v I (np 3n] (72)

' AzJ a + Wit some manipulation and applying the condition of equalI fluxes f ions and electrons at the boundaries we get
r H OF

i*-,k "I i,.'A - C,. D.-D, 3 n

AzJ AY Y; E_, )Z (73)
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T V. numericai stlution is shown in FjgurF -. c-mp.;:i'.: .,r.a, ): ,ki n aries . -,atei .,;p r '-p njteiy - :.. , nere
,th the analytic Boltzman potential derived from Equa- would be no effect on the obtained numericai soiitcn- A

ti,*1 uniform mesh was generated with Ax = Ay = 3 km and
Az = 4 km. The choice of almost equal grid sizes prooved
to be necessary since unequal grid sizes would aiter and re-

•o"duce the physical difference between the tranverse and par-
al.lel directions. The temperature of the contaminant ionswas taken to be T,,,, = 0.025 eV. The ambient ionosphere

was modeled by isothermal oxygen ions with To, eV and

isothermal electrons with T. = 0.2 eV . In all the simula-
tions we neglected neutral winds and gravity. The results
are presented in a reference frame moving with the orbital

speed of 8km/sec, so that in this Orbiter frame there is a
motional electric field of JE,, = 0.35 V/in. The computa-
tional reference framp is shown in Figure (6). In that frame

5 Ir : Electric field obtained from the numerical solution
.J I-ne} and the analytical Boitzman potential (symbols)

Nentral Cloud Model-lailal CondItons
z

III most cases of artificial ion clouds a neutral cloud in Figure 6: Computational grid

prent. It is beyond the scope of this study to model co- p
pletelY the neutral cloud. Instead we assume that the basic pstv ieto onstwrslwrattds h ot

pr,,cesses is self-diffusion of the neutrals with losses due to tive yi direction points to the east and is the direction of the
charge :xchange reaction. We also assume that the neutral motional electric field, and the negative x direction points

ca, be d __-ribed initially by a gaussion profile given by to the south and is the direction of the orbital motion. In
this series of numerical experiments we investigated the ef-

ne[(rtr n exp (74) fects of the central density, the cloud dimensions and the
)2 rf ic (74) presence of a, neutral cloud on the electrodynamic behavior

L [_ IIIof the cloud.
w1" re x, y, z are the distance from the point of release and
ptely the density at the center of the cloud. With this

ii the mass of the released material is given by Ml. -= Ion cloud
tim. For the iin cloud we assume initialy a profihn

iv ... i~r gaussian distribution. ian Fig-ures (7,8,9) we present results from a low density
ion cloud. The central density nis two orders lower than

N mrclResults the ambient and thus, corresponds to a very weak density
ng e icalo perturbation. The falling distances of the ion cloud are

rj_ -- 4.5 kin and r, -h ck and te mass of the release wa-
we 9ti; _- numerically the release of an ion and a neu- ten ions is MHer i 0.002 kgr. The perturbation potential

tril clo)ud it an altitude of 230 km and high latitude. We at the plane of the release is shown in Fig-ure 7. The poten-
corisidred water ions and neutrals, since water was found to tial shows a dipole structure and the perturbation electric
be the major ontaminant about space structures. However, feld is directed oposite to the motiona and tries to screen it
thec. alsia could be easily aplied to any other release The out. In the center of the cloud the perturbation electric field
computat:,al g-rid was orthogonal with 20 x 20 K 64 grid is = 4.1 >e 1- V'm. Thus, the total electric field n the
po;nts in .%e zy and z directions respectivei, The upper Orbital reference frame will be almost the motional. Note
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that the maximum and minimum of potential are symmet- become smaller and now extends to - 9 km along the B

rical since diffusion currents are very small and effects from lines, and to a radius of - 3 km in the perpenicular plane.

Hall currents are not important. The y = 0 plane shows

the very important effects of the three-dimensionality; the

magnetic field lines are no longer equipotential lines, an as- Ion and Neutral Clouds

sumption present in all the previous two-dimensional cloud

models. The non-equipotential region seems to be confined We studied the effects of the presence of contaminant ritu-

within the cloud boundaries. Beyond a radius of - 9 km trals along with the ions. We considered a neutral clcu.

in the perpendicular plane and - 12 km in the parallel di- with central density of 10 i 7 m - 3 and falling off dlatanccA

-ecton the magnetic fild lines become equipotential again, of r..,, = 3 km and r1 - 4 km. This corresponas to a

, weak perturbation can be attributed to the very slight release of 15 kgr of H2,O
+ and 1500 kgr of 1120. Resu!'.

. ,oalcation of the conductivities as it is shown in Figures are shown in Figures (22,23,24). The perturbation electri:
.9) field is ( = 0.3496 at the center which is larger than the

case where only the ion cloud is present. Cuilii:.I.t 'Woti

Ae the central density increases the potential perturba- the contaminant neutrals are very frequent and thc, r :_

tin .ncreases. In Figure 10 the central density is of the ductivites are much larger than the case where only ions

:rder of the ambient and the perturbed electric field at the are present as we see by comparing Figures 17 and 23. The

,enter is now 4 = .1 x 1 0 -' V/in. The equipotentiality effects of Hall currents are also less visible and the Hail con-

of the B lines holds outside of the cloud boundaries. The ductivity is dominated by the electrons. The maximum and

conductivities are altered in the cloud region as it is shown minimum of the perturbation potential are also larger. The

in Figures (11,12). Both the Pedersen and the parallel con- region however of nonequipotential B lines seems to extend

ductivities increase, while the effect of the ion cloud on the at - 18 km along the B lines, although the disturbance itself

Ila.. conductivity is not so evident, appears to be stronger (compare Figures 22 and 16).

In Figures (13,14,15) results are shown for a very dense Conclusion - Future work
,L ,d with central ion density of 10" m -

3 and M,o., =

15 kgr. Thi perturbation electric field is now 0.349 V/m,
which shows that the motional electric field is practicaly We developed a fully tree-dimensionnal model for an ar-

shielded at the cloud center. There is also a rotation in the tificial pilasma cloud in the ionosphere. Such a cloud could

perturbation electric field due to the Hall currents. The Hall be a result of a deliberate release of neutrala or ions or a re-

currents however are flowing to the E.. x B direction which sult of contamination about a spacecraft. The neutral cloud

implies that the ion Hall conductivity dominates over the consists of the ejected neutrals 8 and the ambient neutrals a.

electron. As Figure 14 shows the Hall conductivity becomes The ejected neutrals undergo charge exchange reaction with

negative (with our definition of conductivities it is positive the ambient ions to create contaminant ions. It is assumed

when is dominated by the electron conductivity and would that the cloud has finite perpendicular and parallel lengths.

imply Hall currents in the J x E,. direction). In Figure 15 We take into account all elastic collisions between the con-

the Pedersen conductivity shows an increase of almost three sidered species and include finite temperature effects. We

order of magnitudes and thus , once expects a significant model the ionosphere and take into account variable densi-

perturbation to propagate along the B field. The y = 0 ties for ambient neutrals and ions, altitude dependent ambi-

plane plot in Figure 13 shows that the non- equipotential ent neutral winds, aimbient electric fields and gravity. In the

region extends now to almost 18 km along the magnetic momentum balance of the charged species we include elec-

field. tric fields, forces due to elastic collisions, pressure forces and
gravity. The plasma species are assumed to be isothermal.

We investigated also the effects of the cloud dimensions An analytic solution to the system of momentum equations

on the electrodynamic behavior of the cloud. In Figure 16 yields the velocities of the charged species in both the per-

the perpendicular and parallel lengths are r-L = 3 km and pendicular and parallel plane. The velocities were written

r, = 4 km and the perturbation field becomes ( = 0.341 with the use of transport coefficient tensors. These trans-

V/m at the cloud center. The rotation of the electric feid port coefficients account for the mobility, the diffusion due

denotes Hall currents in the E-,, x J direction. In Figure 17 to density gradient of all the charged species, gravity and

the ifail conductivity is shown to be negative in the outer ambie:,t and contaminant neutral winds. The transport co-

regi.n f the cloud but remains always smaller than the etficients depend drastically on the direction and are greatly

1'edersen. As the cloud dimensions decrease (Figure 191 to mdJed by the presence of the plasma cloud. The values

r P_, - I S km and ril = 2 km, the perturbation electric for the undisturbed ionosphere calculated from our model

6eid at the center of the cloud drops to 0.327 V/r. The compared with simplified models and found to be in good

,Jipoie structure of the potential prevails again but in this agreement. It is found that generalized Einstein relations

smil radius there is an asymmetry in the center caused hid t etween the mobility and the diffusion transport o-

tLy the ditfusion currents, which are comparable there with etficients. Simple relations hold between the diffusion and

t'.e iirect currents. The non-equipotential region has also the reri of the transport coefficients.
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The current balance between the cloud and the ambient j5j G. ltaerendel, R. Lust, and E. Rieger. Motion of ariSciai
plasma determines the dynamical behavior of the plasma ion clouds in the upper atmosphere. PFlnet. .Space Sr,..

cloud. It is assumed that the plasma is quasineutral and 15:1-i8, 1967.

that the electric fields are electrostatic. On applying charge

conservation an equation for the self-consisted potential due [61 D. E. Hastings and N. A. Gatsoni. The inti,ntn f

to the plasma perturbation is derived. The current balance ta.minant water plasma clouds about large lctivw space

includes conductive currents, diffusion currents due to den- structures. 1989.

sity gradients in the ambient and contaminant ions as well (7 G. Murphy, J. Pickett, N. D'angelo, and W. S. Furth.
as electrons, currents due to the ambient and contaminant Measurements of the plasma parameters in the vic.rity

neutral winds and gravitational drift currents. The coupling of the sp;.ce shuttle. Planet. Space Sc,., 34:993-1G04,

of the plasma cloud to the ambient plasma is examined with 1086.

the use of a closure model in which insulators are placed in
the upper and lower boundaries and coupling is obtained [81 S. D. Shawhan, G. Murphy, and J. S. Pickett. Plasma

via classical currents only. The equilibrium electric field diagnostics package initial assessment of the shuttle or-

were obtained and compared with simple analytical solu- biter plasma environment. J. Spacecraft and Rcckets,

tions. The current balance equation was solved numerically 21:387, 1984.
in order to obtain the perturbation potential at the time of

the release. We examined the effects of the central density 9!

the ions and the dimensiona of the cloud. The perturbation

potential increases with increasing ion density. With densi-

ties of 10' m - 3 the cloud shields out the motional electric
field. !on clouds with smaller dimensions result in weaker

electric field perturbations. In all cases, the mainetic field
Lines were not equipotential lines within a region bounded

by the density perturbation. The perturbation along the B

lines was stronger for the case of denser and larger clouds.

The effect of the presence of neutral was also investigated
A gaussian neutral cloud was considered with the same

dimensions as the ion cloud. The perturbation potential
was stronger than the case where only ions were present.

The electric fields will determine the velocities of the ion
species. It is expected that for there will be a differential
speed within the cloud, which will result in the finger-like
shaping of the cloud. Currenlty a numerical model for the

solution of the three-dimensional equations for the densities
is under development. This will allow to follow in time the
motion of the release.
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